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INTRODUCTION 
The St i r red Tank Reactor  
The s t i r red tank reactor  is  a dev ice used to  process raw mater ia ls ,  
usual ly  in  l iqu id  form,  to  des i red product  mater ia ls  by means o f  a  chemi­
ca l  react ion.  Genera l ly ,  the s t i r red tank reactor  is  a cy l indr ica l  vessel  
w i th  a d iameter  approx imate ly  equal  to  i ts  length and an impel ler  to  pro­
v ide s t i r r ing act iono The major  d is t inguish ing character is t ic  o f  the 
s t i r red tank reactor  is  the leve l  o f  mix ing caused by the s t i r r ing act ion.  
At  one conceptual  ext reme the reactor  is  "per fect ly  mixed"  which means 
that  the reactor  contents  are un i form in  temperature and concentrat ion 
and that  feed mater ia l ,  upon enter ing the reactor  is  immediate ly  d is­
persed throughout  the reactor ,  and the feed concentrat ion and temperature 
drop instantaneously  to  the concentrat ion and temperature o f  the reactor  
contents .  Consequent ly ,  product  mater ia l  d ischarged f rom the per fect ly  
mixed reactor  has the same concentrat ion and temperature as the reactor  
contents .  At  the o ther  ext reme,  the reactor  is  not  s t i r red and there 
ex is ts  a zero leve l  o f  mix ing.  Th is  means that  there is  no mix ing o f  re-
ac tan t s  o f  d i f f e ren t  l e ve l s  o f  concen t ra t i ons  i n  t he  r eac to r .  
The batch reactor  is  a tank reactor  that  has a  zero leve l  o f  mix ing.  
The batch reactor  is  assumed to  be in i t ia l ly  charged wi th  reactant  o f  
un i form concentrat ion and temperature.  Fresh feed is  not  in t roduced in to  
the batch reactor  dur ing the react ion t ime,  and thus there is  no mix ing 
o f  reactants  wi th  d i f ferent  leve ls  o f  concentrat ion.  The batch reactor  
is  mathemat ica l ly  equiva lent  to  a s teady s ta te  operated p lug f low re­
actor  wi th  the same res idence t ime.  The p lug f low reactor  is  a tubular  
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reactor  in  which mater ia l  f lows through the reactor  as a p lug wi th  no 
backmix ing or  d ispers ion a long the length o f  the reactor .  
In  th is  thes is  the acronym STR is  used to  denote the s t i r red tank 
reactor .  In  genera l ,  the STR may be operated wi th  feed and d ischarge 
s t reams that  are cont inuous or  d iscont inuous per iod ic  funct ions o f  t ime.  
The acronym CSTR is  used throughout  to  denote the cont inuous s t i r red tank 
reactor  for  which the feed and d ischarge st reams are constant  a t  the 
ident ica l  vo lumetr ic  f low rate.  When used wi thout  any modi f iers  the 
acronym CSTR denotes s teady s ta te  operat ion o f  the cont inuous s t i r red 
tank reactor .  
Var iab le-Volume Operat ion 
Var iab le-vo lume operat ion o f  the STR is  a process which uses per iod ic  
feed and d ischarge f low rates as the dr iv ing force to  cause a per iod ica l ly  
vary ing vo lume and in  turn,  a per iod ic  res idence t ime.  The resu l t ing 
concen t ra t i on  and temperature var ia t ions in  the reactor  are a lso per iod ic  
funct ions o f  t ime.  Thus,  the var iab le-vo lume operat ion o f  the STR is  a 
spec ia l  case o f  per iod ic  operat ion o f  the STR. 
In  genera l ,  per iod ic  operat ion of  the STR impl ies outputs  f rom the 
reactor  which are per iod ic  funct ions o f  t ime.  The STR may be forced to  
generate per iod ic  outputs  by forc ing the reactor  wi th  per iod ic  inputs  such 
as feed ra te ,  feed concentrat ion,  or  coolant  f low ra te ,  or  the STR may 
generate per iod ic  outputs  when the inputs  are constant ,  i f  the parameters  
are such that  a s tab le  l imi t  cyc le  ex is ts  about  an unstab le  s teady s ta te  
poi  n t .  
The s tudy o f  per iod ic  operat ion o f  the STR is  a recent  development  in  
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the f ie ld  of  chemica l  reactor  des ign.  In  the past ,  s teady s ta te  operat ion 
o f  the CSTR has been cons idered to  be the most  des i rab le .  However ,  i t  
has been found that  some types o f  per iod ic  operat ion o f  the STR may re­
su l t  in  improved per formance f rom the s tandpoint  o f  increas ing prof i t ,  
product ion ra te ,  or  y ie ld» 
Purpose 
The purpose o f  th is  research is  to  show that  var iab le-vo lume opera­
t ion of  the STR can be used to  increase the product ion ra te  o f  the STR 
re la t ive to  the product ion ra te  o f  the CSTR. Relat ive product ion ra te  
is  measured by re la t ive y ie ld  or  re la t ive throughput .  Relat ive y ie ld  is  
def ined as the ra t io  of  average y ie ld  by var iab le-vo lume operat ion of  the 
STR to  y ie ld  by the CSTR where both reactors  have the same average through­
put  o f  mater ia l  and the same maximum vo lume.  Relat ive throughput  is  de­
f ined as the ra t io  o f  the average throughput  by var iab le-vo lume operat ion 
o f  the STR to  the constant  throughput  o f  the CSTR where both reactors  
have the same average y ie ld  and the same maximum vo lume.  Relat ive y ie ld  
and re la t ive throughput  are not  independent .  They are s imply  two d i f fer ­
ent  methods for  measur ing re la t ive product ion ra te .  When the re la t ive 
y ie ld  and the re la t ive throughput  are greater  than un i ty ,  the var iab le-
volume operat ion is  cons idered an improvement  over  the per formance o f  the 
CSTR. 
Types o f  Var iab le-Volume Operat ion 
In  th is  work two genera l  types o f  var iab le-vo lume operat ion of  the 
STR are s tud ied.  These are semi  cont inuous var iab le-vo lume operat ion and 
\ 
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cont inuous var iab le-vo lume operat ion.  Semibatch operat ion is  a spec ia l  
case o f  semi  cont inuous var iab le-vo lume operat ion that  is  s tud ied in  de-
ta i  1 .  
Semi  cont inuous var iab le-vo lume operat ion employs feed and d ischarge 
f low rates that  are per iod ic  funct ions of  t ime and are d iscont inuous a t  
d i f ferent  po in ts  dur ing the semicont inuous cyc le .  Semibatch operat ion is  
a s imple spec ia l  case o f  semi  cont inuous var iab le-vo lume operat ion in  that  
semibatch operat ion employs a  feed f low ra te on ly  dur ing the f i l l ing 
f ract ion of  the semibatch cyc le ,  and a d ischarge f low rate on ly  dur ing 
the empty ing f ract ion of  the semibatch cyc le ,  whereas feed and d ischarge 
f low rates may be present  throughout  the semi  cont inuous cyc le .  
The cont inuous var iab le-vo lume operat ion employs feed and d ischarge 
f low rates that  are cont inuous per iod ic  funct ions o f  t ime.  
React ion Systems Stud ied 
Var iab le-vo lume operat ion o f  the STR was s tud ied for  var ious react ion 
schemes.  These are the s ing le  react ion of  pos i t ive order  in  the iso­
thermal  STR, the f i rs t  order  i r revers ib le  and exothermic react ion in  the 
ad iabat ic  STR, and the Van De Vusse react ions in  the isothermal  STR. The 
Van De Vusse react ions are an example o f  a react ion system composed o f  
consecut ive react ions wi th  h igher  order  s ide react ions.  Most  o f  the 
analys is  o f  the d i f ferent  react ion schemes is  presented for  the case o f  
semibatch operat ion o f  the STR. 
So lut ions to  the Mathemat ica l  Models  
Th is  thes is  presents  a theoret ica l  analys is  o f  var iab le-vo lume 
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operat ion of  the STR. Mathemat ica l  models  are presented for  the var ious 
cases o f  var iab le-vo lume operat ion o f  the STR° For  many cases where an 
analy t ica l  so lu t ion is  not  t ractab le ,  extens ive use is  made o f  the analog 
and d ig i ta l  computer  to  so lve the systems o f  equat ions which descr ibe 
the mathemat ica l  models .  
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LITERATURE REVIEW 
In  recent  years in terest  in  the per iod ic  operat ion o f  a chemica l  re­
actor  as a  means to  improve y ie ld  over  the opt imum steady s ta te  has been 
increas ing rap id ly .  Per iod ic  operat ion re fers  to  the s i tuat ion in  which 
some o f  the output  or  input  var iab les o f  a reactor  are per iod ic  funct ions 
o f  t im°.  The var iab le-vo lume STR is  a spec ia l  case o f  the per iod ic  opera­
t ion of  a chemica l  reactor .  
Theoret ica l  analys is  o f  the per iod ic  operat ion of  a  reactor  has been 
appl ied to  the CSTR and to  the p lug f low reactor  process ing a l iqu id  which 
undergoes a homogeneous l iqu id  phase react ion.  Both the isothermal  and 
nonisothermal  cases have been cons idered.  The chemica l  k inet ics  con­
s idered have been l imi ted main ly  to  f i rs t  or  second order  isothermal  or  
exothermic  react ions» 
This  research work is  concerned in  genera l ,  w i th  the non:sothermal  
var iab le-vo lume STR where in  a homogeneous l iqu id  phase exothermic  react ion 
is  occurr ing» The var iab le-vo lume STR g ives resu l ts  for  reactant  con­
vers ion which usual ly  fa l l  between the s teady s ta te  CSTR convers ion and 
the batch rcactor  or  p lug f low reactor  convers ion wi th  the same res idence 
t ime and thus might  be modeled by a reactor  wi th  a f in i te  mix ing leve l .  
Resul ts  are obta ined for  var ious types o f  react ion k inet ics .  Therefore,  
publ icat ions are rev iewed which concern:  1)  the dynamics o f  thermal ly  
sens i t ive reactors ,  2)  reactor  models  for  f in i te  mix ing,  3)  y ie ld  and 
se lect iv i ty  for  complex chemica l  react ions,  and 4)  per iod ic  operat ion o f  
chemica l  reactors .  
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The Dynamics o f  Thermal ly  Sensi t ive Reactors  
Van Heerden (33)  probably  gave the f i rs t  t reatment  o f  autothermic  
processes in  the CSTR. He shows that  these processes may be character ized 
by a heat  versus temperature d iagram on which the inLersect ion o f  the heat  
generat ion curve and the heat  consumpt ion curve g ive the s teady s ta te  
operat ing po in ts .  Van Heerden shows that  for  the s ing le  exothermic re­
act ion there are f rom one to  three steady s ta te  operat ing po in ts .  In  the 
case o f  three s teady s ta tes,  the low and h igh temperature s teady s ta tes 
sat is fy  the necessary condi t ions for  s tab i l i ty ,  whi le  the in termediate 
s teady s ta te  is  necessar i ly  unstab le» Van Heerden ca l led th is  unstab le  
s teady s ta te  the ign i t ion po in t ,  s ince a s l ight  increase in  temperature 
w i l l  cause the react ion to  proceed to  the h igher  temperature s teady s ta te .  
In  a la ter  paper ,  Van Heerden (34)  exp la ins that  the poss ib i l i ty  o f  more 
than one s teady s ta te  can be ascr ibed to  the backmix ing o f  heat  a long the 
react ion path.  In  order  to  ga in  ins ight  in to  the condi t ions under  which 
an exothermic process may have more than one s teady s ta te .  Van Heerden per­
formed ca lcu la t ions to  show the reg ions o f  three poss ib le  s teady s ta tes for  
the cases o f  a  f i rs t  order  exothermic  react ion in  I )  an ad iabat ic  CSTR, 
2)  an ad iabat ic  p lug f low reactor  wi th  heat  exchange between in le t  and out ­
le t ,  and 3)  an ad iabat ic  p lug f low reactor  wi th  ax ia l  conduct ion o f  heat .  
Af ter  Van Heerden 's  (33)  f i rs t  paper ,  B i lous and Amundson (5)  ex­
tended h is  work.  They determined the shape o f  the heat  generat ion curve 
in  the (heat ,  temperature)  p lane for  some complex types o f  chemica l  re­
act ions and showed that  somet imes more than three s teady s ta tes are poss ib le ,  
some o f  which are necessar i ly  unstab le .  The t rans ient  equat ions were 
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l inear ized and used to  obta in  necessary and suf f ic ient  condi t ions for  the 
s tab i l i ty  o f  a s teady s ta te  in  terms o f  the s teady s ta te  condi t ions.  
(Convers ion,  temperature)  phase p lane p lo ts  were made by s imulat ing the 
nonl inear  t rans ient  equat ions on the analog computer .  These p lo ts  show 
the path o f  approach to  the s tab le  s ta tes in  the (convers ion- temperature)  
p lane.  B i lous and Amundson (6)  a lso developed an analy t ica l  method for  
pred ic t ing reg ions o f  parametr ic  sens i t iv i ty  in  a tubular  reactor .  Para­
metr ic  sens i t iv i ty  re fers  to  the fact  that  under  the proper  condi t ions the 
thermal  behavior  o f  a tubular  reactor  is  ext remely  sens i t ive to  smal l  
changes in  the operat ing var iab les» The tubular  reactor  does not  exh ib i t  
the type o f  unstab le  behavior  found in  the CSTR. 
The work o f  B i lous and Amundson (5)  is  extended by Ar is  and Amundson 
(3)  who g ive an analys is  o f  the s tab i l i ty  and cont ro l  o f  the nonisothermal  
CSTR in  which a s ing le  exothermic react ion is  occurr ing-  The analys is  is  
l imi ted to  loca l  cont ro l ,  s ince the t rans ient  equat ions are l inear ized 
about  a  s teady s ta te  operat ing po in t  and are therefore va l id  for  on ly  smal l  
per turbat ions in  the inputs .  Contro l  o f  a  s teady s ta te  by the three ideal  
modes o f  cont ro l  and wi th  temperature or  concentrat ion as the cont ro l  
var iab le  is  d iscussed.  I t  is  estab l ished that  an uncontro l led unstab le  
s teady s ta te  can a lways be made s tab le  by the use o f  ideal  propor t ional  
cont ro l ,  i f  temperature is  the cont ro l  var iab le .  Calcu la t ions and (con­
vers ion,  temperature)  phase p lane p lo ts  are presented which show the evolu­
t ion of  an uncontro l led unstab le  s teady s ta te  to  a cont ro l led s tab le  s teady 
s ta te  by the appl icat ion of  increas ing amounts  o f  ideal  propor t ional  cont ro l .  
Kermode and Stevens (22)  used the root  locus method to  determine the amount  
9  
of  the ideal  modes o f  cont ro l  necessary to  make an uncontro l led s teady 
s ta te  become s tab le .  The root  locus method was appl ied to  the l inear ized 
equat ions for  the nonisothermal  CSTR w i th  a f i rs t  order  exothermic  re­
act ion» The resu l ts  f rom the root  locus method agreed wel l  w i th  resu l ts  
obta ined by s imulat ion o f  the nonl inear  equat ions on the analog computer» 
Luus and Lapidus (28)  developed an averaging technique which could 
be used to  determine the s tab i l i ty  o f  second order  nonl inear  systems» 
The technique can a lso be used to  prove the ex is tence or  nonexis tence o f  
l imi t  cyc les and to  show how fast  a phase po in t  in  the (concentrat ion,  
temperature)  phase p lane approaches a s ingular  po in t  or  a l imi t  cyc le» 
The technique was successfu l ly  appl ied to  the analys is  and cont ro l  o f  a 
CSTR which was d is turbed by some osc i l la t ing Input  var iab le .  
Reactor  Models  for  F in i te  Mix ing 
Levenspie l  and B ischof f  (25)  d iscuss the e f fect  o f  backmix ing on the 
molecular  sca le  on convers ion In  an isothermal  chemica l  reactor .  P lo ts  
are presented which show the ra t io  of  the res idence t ime in  the per fect ly  
mixed or  CSTR to  the res idence t ime In  the unmixed or  p lug f low reactor  
versus convers ion» Except  for  zero order  react ions,  the CSTR a lways re­
qui res a larger  res idence t ime than the p lug f low reactor» The e f fect  o f  
backmix ing becomes Increas ing ly  Impor tant  for  h igher  order  react ions.  The 
reactor  longi tud ina l  d ispers ion number ,  Du/L,  i s  presented as a means o f  
determin ing convers ion a t  In termediate or  f in i te  leve ls  o f  mix ing» 
Denbigh (11)  shows that  the decrease In  convers ion caused by backmix ing 
in  an isothermal  reactor  Is  due to  a decrease In  the average react ion 
ratec 
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Levenspie l  and B ischof f  (2b)  descr ibe theoret ica l ly  the phenomenon o f  
f in i te  mix ing or  nonideal  f low by such mathemat ica l  models  as d ispers ion 
models ,  tanks in  ser ies models ,  and combined reactor  types models .  The 
res idence t ime d is t r ibut ion and the in terna l  age d is t r ibut ion are def ined 
and exper imenta l  methods for  the i r  determinat ion are presented.  Nauman 
(30)  develops a theory for  res idence t ime d is t r ibut ion funct ions in  an 
unsteady s ta te  per fect ly  mixed reactor .  In  the unsteady s ta te  reactor  
there is  a d i f ferent  res idence t ime d is t r ibut ion for  each po in t  in  t ime.  
Danckwer ts  (10)  shows that  a knowledge o f  the res idence t ime d is t r i ­
but ion is  not  suf f ic ient  to  determine reactor  convers ion in  a nonl inear  
react ing system. In  addi t ion to  the res idence t ime of  a molecule,  a  
knowledge o f  the behavior  o f  the molecule and i ts  neighbors whi le  they 
res ide in  the reactor  is  requi red.  This  behavior  o f  the molecules may be 
descr ibed by the i r  mode o f  d ispers ion.  Danckwer ts  in t roduced the concept  
o f  segregat ion to  character ize the mode o f  d ispers ion.  In  a complete ly  
segregated f lu id  the molecules are assumed to  pass through the reactor  in  
f in i te  packets  o f  smal l  vo lume compered to  the reactor ,  but  large enough to  
conta in  many molecules.  Each l i t t le  packet  passes through the reactor  as 
a minute batch reactor .  In  the nonsegregated f lu id  the molecules are d is­
persed on a molecular  sca le .  F lu id  in  a CSTR is  usual ly  thought  o f  as 
be ing nonsegregated un less spec i f ied otherwise.  F lu ids whose mode o f  d is­
pers ion is  between the complete ly  segregated and nonsegregated f lu id  are 
sa id  to  be par t ia l ly  segregated.  Levenspie l  {2k,  p.  310)  ca l ls  the com­
p le te ly  segregated f lu id  a macrof lu id  and the nonsegregated f lu id  a micro-
f lu id .  Danckwer ts  (10)  showed that  the average react ion ra te ,  and thus 
convers ion,  was h igher  In  a complete ly  segregated system i f  the react ion 
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order  was greater  than 1,  lower  i f  less than 1,  and equal  i f  the order  was 
one» Zwieter ing (36)  expressed mathemat ica l ly  the condi t ion o f  maximum 
mixedness or  nonsegregat ion o f  f lu id  in  a f low system wi th  an arb i t rary  
res idence t ime d is t r ibut ion.  Zwieter ing showed that  the convers ion in  a 
chemica l  reactor  wi th  a known res idence t ime d is t r ibut ion must  be between 
the convers ions corresponding to  complete segregat ion and maximum mixed­
ness o f  the react ing f lu id» 
Under  ad iabat ic  operat ing condi t ions,  the convers ion in  a p lug f low 
reactor  is  not  a lways greater  than the convers ion in  a CSTR w i th  the same 
res idence t ime» Depending on the degree o f  convers ion des i red,  a CSTR or  
a CSTR fo l lowed by a p lug f low reactor  w i l l  requi re  the least  res idence 
t ime for  the des i red convers ion.  Cholet te  and Blanchet  (9)  were probably  
the f i rs t  to  s tudy ser ies reactor  combinat ions under  ad iabat ic  operat ing 
condi t ions.  They found that  for  isothermal  and endothermic react ions the 
p lug f low reactor  a lways g ives a greater  convers ion than a ser ies combina­
t ion of  the CSTR and p lug f low reactor .  However ,  for  exothermic react ions,  
a ser ies combinat ion o f  a CSTR fo l lowed by a p lug f low reactor  was found 
to  g ive a h igher  convers ion than the CSTR or  p lug f low reactor  a lone for  
h igh enough leve ls  o f  convers ion.  Moreover ,  i t  was estab l ished that  there 
ex is ted an opt imal  leve l  o f  mix ing,  that  is ,  an opt imal  propor t ion of  com­
b ined reactor  vo lume devoted to  the CSTR, which would maximize convers ion.  
No exp lanat ion was g iven for  the occurrence o f  the opt imum mix ing leve l .  
Ar is  (2)  gave the genera l  analy t ica l  and graphica l  condi t ions for  which 
the CSTR fo l lowed in  ser ies by a p lug f low reactor  opt imal  and a lso an 
analy t ica l  express ion for  the opt imum mix ing leve l»  i t  was shown that  the 
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opt imum leve l  o f  mix ing for  the reactor  combinat ion a lways a f forded a 
s tab le  s teady s ta te  operat ion.  
Most  reactor  models  to  determine convers ion a t  f in i te  mix ing leve ls  
have been formulated in  terms o f  ser ies o f  CSTRs,  combinat ions o f  CSTRs 
and p lug f low reactors ,  and p lug f low reactors  wi th  ax ia l  d ispers ion.  
Gi l lesp ie  and Carberry  (20)  have presented yet  another  model  whereby f in i te  
mix ing leve ls  are s imulated by a p lug f low reactor  wi th  a recyc le  s t ream. 
Wi th  no recyc le ,  p lug f low reactor  convers ion is  achieved.  At  a recyc le  
ra te  of  20 or  more t imes the f low rate o f  f resh feed,  CSTR convers ion is  
achieved.  In termediate leve ls  o f  mix ing are s imulated by recyc le  ra tes 
between 0 and 20.  The un ique advantage o f  the recyc le  model  i s  that  the 
recyc le  is  conta ined in  the boundary condi t ion for  the reactor .  Whenever  
the des ign equat ion for  the p lug f low reactor  can be in tegrated,  the 
e f fect  o f  f in i te  mix ing can be determined.  Gi l lesp ie  and Carberry  (20)  
show the re la t ionship between the recyc le  ra t io  in  the i r  p lug f low reactor  
wi th  recyc le  f in i te  mix ing model  and the number  o f  CSTRs in  ser ies which 
g ive equiva lent  mix ing.  Gi l lesp ie  and Carberry  (20)  a lso apply  the i r  
f in i te  mix ing model  to  the ad iabat ic  case to  show that  f in i te  mix ing leve ls  
a f ford the opt imum convers ion for  suf f ic ient ly  exothermic react ions.  An 
analy t ica l  so lu t ion is  poss ib le  whenever  an analy t ica l  so lu t ion is  poss ib le  
for  the ad iabat ic  p lug f low reactor .  Douglas and Eagleton (14)  g ive an 
analy t ica l  so lu t ion to  the ad iabat ic  p lug f low reactor  des ign equat ion in  
terms o f  exponent ia l  in tegra l  funct ions.  
Y ie ld  and Select iv i ty  for  Complex Chemica l  React io i ià  
A complex react ion is  cons idered here to  be a mix ture o f  h igh order  
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react ions,  consecut ive react ions,  and compet ing react ions.  
For  systems o f  complex chemica l  react ions Carberry  (7)  def ines y ie ld  
a t  a po in t  as the ra te  of  generat ion o f  a des i red product  re la t ive to  the 
ra te  o f  consumpt ion o f  a key reactant  and se lect iv i ty  a t  a  po in t  as the 
ra te  of  generat ion o f  a  des i red product  re la t ive to  the ra te  o f  generat ion 
o f  some undesi red product .  Denbigh (12)  def ines instantaneous y ie ld  in  a 
s imi lar  way and a lso def ines an overa l l  reactor  y ie ld .  Denbigh (12)  
demonstrates the appl icat ion of  these def in i t ions to  the determinat ion o f  
y ie ld  in  tubular  and mixed tank reactors  by exper imenta l  and analy t ica l  
methods.  
Levenspie l  (24,  Chapter  7)  d iscusses the e f fect  o f  mix ing on the 
y ie ld  and se lect iv i ty  obta inable f rom systems o f  complex react ions.  P lo ts  
showing y ie ld  versus convers ion for  a mixed system of  f i rs t  order  consecu­
t ive and compet ing react ion are g iveno  I t  is  shown that  for  such a mixed 
system of  react ions the maximum amount  o f  des i red in termediate or  the 
maximum se lect iv i ty  a t  a g iven convers ion is  obta ined when react ion mater i ­
a ls  are not  mixed a t  d i f ferent  leve ls  o f  convers ion.  I t  is  a lso determined 
that  backmix ing or  mix ing a t  d i f ferent  leve ls  o f  convers ion is  det r imenta l  
to  the y ie ld  of  h igher  order  react ions.  
Van de Vusse (32)  def ined y ie ld  as B produced to  A fed and se lect iv i ty  
as B produced to  A consumed and compared y ie ld  and se lect iv i ty  in  the 
isothermal  p lug f low reactor  and CSTR for  the fo l lowing complex react ion 
scheme.  
A —!  > 3 >  C 
S  A + A >D 
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For  th is  scheme,  degredat ion o f  B to  C i s  suppressed by us ing a p lug f low 
reactor  wi th  a shor t  res idence t ime.  Format ion o f  byproduct  D is  kept  low 
i f  the concentrat ion o f  A is  low;  hence,  a  CSTR w i th  a long res idence t ime 
is  appropr ia te .  The choice o f  reactor  type and res idence t ime is  governed 
by the re la t ive va lues o f  the ra te  constants .  I f  >  K^,  the maximum 
va lue for  the se lect iv i ty  is  a lways in  the CSTR. The maximum va lue for  the 
y ie ld  is  obta ined in  the p lug f low reactor  i f  Kg/K^ s  0.04(K^C^^/K^^ 
otherwise the maximum y ie ld  is  obta ined in  the CSTR. Gi l lesp ie  and Car-
berry  (19)  show that  an in termediate leve l  o f  mix ing between the CSTR and 
p lug f low reactor  may produce a maximum y ie ld  of  B for  Van de Vusse 's  (32)  
react ion scheme.  They showed that  when K^C^^<:  K2,  a l l  backmix ing has a 
det r imenta l  e f fect  on y ie ld  and when some In termediate leve l  o f  
mix ing w i l l  maximize y ie ld .  
Gi l lesp ie  and Carberry  (20)  use the p lug f low reactor  wi th  recyc le  
model  for  f in i te  backmix ing to  determine the e f fect  o f  f in i te  backmix ing 
on se lect iv i ty  and y ie ld  for  a number  o f  l inear  and nonl inear  y ie ld  sens i ­
t ive isothermal  react ion schemes.  Carberry  (7)  extends h is  prev ious 
analys is  to  the rd iabat ic  reactor  to  shvw the e f fect  o f  complete heat  
backmix ing as wel l  as complete mass backmix ing on y ie ld  for  complex re­
act ion types wi th  d i f ferent  leve ls  o f  exothermic i ty .  
Wei  (35)  s ta tes that  when a reactor  des ign equat ion can be so lved for  
a s ing le  f i rs t  order  i r revers ib le  react ion,  i t  can be so lved for  a system 
of  coupled f i rs t  order  react ions o f  any number  o f  spec ies and arb i t rary  
co i i ip lex i  ty» Wei  presents  a matr ix  method to  uncouple the coupled system 
of  l inear  equacions for  complex r t ;dc t io i i  schemes in to  an equiva lent  set  o f  
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independent  f i rs t  order  i r revers ib le  react ions.  Wei  so lves the uncoupled 
system o f  equat ions to  g ive produce d is t r ibut ions for  d i f ferent  ideal  
reactor  models .  
Per iod ic  Operat ion o f  Chemica l  Reactors  
A chemica l  reactor  system that  is  descr ibed by a nonl inear  system of  
d i f ferent ia l  equat ions or  a l inear  system of  d i f ferent ia l  equat ions wi th  
var iab le  coef f ic ients  wi l l  in  genera l  g ive d i f ferent  t ime average va lues 
for  per iod ic  output  var iab les when forced by per iod ic  inputs  than the 
s teady s ta te  va lues obta ined by us ing constant  inputs  equal  to  the average 
o f  the osc i l la t ing inputs .  Such a chemica l  reactor  system may a lso act  as 
a  chemica l  osc i l la tor ;  that  is  the reactor  may show s tab le  cyc l ic  behavior  
under  the proper  condi t ions when the inputs  are constant ,  in  which case the 
t ime average va lues o f  the osc i l la t ing var iab les wi l l  be d i f ferent  f rom the 
corresponding s teady s ta te  va lues» Much o f  the bas ic  theory o f  the per iod­
ic  behavior  o f  nonl inear  systems is  conta ined in  a book by Minorsky (29)» 
Minorsky 's  book is  used as a  source work by v i r tua l ly  a l l  the authors  who 
have publ ished mater ia l  about  the behavior  o f  the per iod ica l ly  operated 
chemica l  reactor .  
Douglas and Rippen (16)  show a sh i f t  in  the t ime average va lue o f  the 
output  re la t ive to  the s teady s ta te  output  for  an isothermal  CSTR w i th  
second order  k inet ics  where the inputs  are s inusoida l  funct ions o f  t ime.  
I t  was found that  a s inusoida l  input  concentrat ion would increase the t ime 
average convers ion s l ight ly  for  a l l  f requencies and ampl i tudes.  A combined 
s inusoida l  input  f low and s inusoida l  input  concentrat ion showed an increase 
or  a decrease in  t ime average convers ion,  depending on the ampl i tude,  the 
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f requency,  and the phase angle between the input  f low and concentrat ion,  
A large ampl i tude,  low f requency,  and 180° phase angle gave the largest  
increase in  t ime average convers ion.  Resul ts  for  the lower  l imi t  o f  zero 
f requency were obta ined analy t ica l ly  and resu l ts  a t  f requencies greater  
than zero were obta ined wi th  the a id  of  an analog computer .  The authors  
a lso show that  the thermal ly  sens i t ive nonisothermal  CSTR which generates 
s tab le  osc i l la t ing outputs  f rom constant  inputs  w i l l  have a d i f ferent  
t ime average convers ion than the corresponding s teady s ta te  va lue.  De­
pending on the parameter  va lues,  the t ime average convers ion may be greater  
or  less than the s teady s ta te  convers ion» This  resu l t  can be deduced f rom 
the resu l ts  o f  Ar is  and Amundson (3) ,  but  these authors  are in terested in  
the s tab i l i ty  of  the s teady s ta te .  Douglas (13)  g ives an analy t ica l  method 
for  determin ing the f requency response to  s inusoida l  input? for  the iso­
thermal  CSTR wi th  second order  k inet ics .  The analy t ica l  method is  to  
approx imate the nonl inear  dynamics o f  the CSTR by us ing a per turbat ion 
technique g iven by Minorsky (  29.  pp.  217-23! ) .  Th is  method was found to  
agree wel l  w i th  resu l ts  obta ined f rom the analog computer  a t  low f re­
quencies.  
Douglas and Gai  tonde (15)  show that  a nonisothermal  CSTR wi th  a f i rs t  
order  chemica l  react ion and one s ingular  po in t  or  s teady s ta te  can be 
forced to  generate s tab le  l imi t  cyc les,  the s ize o f  which are determined by 
the addi t ion of  ideal  propor t ional  cont ro l  on the temperature» Negat ive 
feedback tends to  s tab i l ize the reactor  and decrease the s ize o f  the l imi t  
cyc les and pos i t ive feedback tends to  induce ins tab i l i ty  in  the reactor  
and increase the s ize of  the l imi t  cyc le .  A per turbat ion technique 
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(Minnrsky,  1962)  o f  nonl inear  mechanics is  used to  evaluate the osc i l la t ing 
CSTR re la t ive l  - ih- .  optunaJ s teady s ta te  operat ion.  Gai  tonde and Douglas 
(18)  -x tenJ i . l .C i i  u . r ' iu rh ' . i ' iun technique to  apply  to  any system of  2 f i rs t  
order  non)  i  nco.-  • i  ;  r  : •  r ,  . r . t  i  ; ; i  !  equat ions.  However ,  the i r  work Is  on ly  
successfu l  I  n n I  tc i t i  ve -cnse» The d i rect ion of  the sh i f t  in  the 
Vu i  LiL . i f  c ! ; i  u i i . i  i  la ; l  ; ) f |  Vc i r  I  ab le  can be determined,  but  not  the 
f i iagn i tude of -  t f ; ; .  . luecaro.  GaI  tonde,  and Douglas (4)  obta ined ex-
per i  menta l  ro . .u i  in  re a. ,  lo r  temperature osc i l la t ions In  a CSTR whi  ch 
was des igned c.. g. ,1^ ,  .jlc a s tab le  l imi t  cyc le .  The react ion used for  the 
expcr  i i . ivn iû !  1 v  ^  11 tho hydro lys is  o f  acety l  ch lor i  de.  The 
authors  fou;sJ i ; .uL iho i  ;  e .eer  1 inencal  resu l ts  compared c lose ly  wi th  the 
i iu i iKM' I  cc . i  In :  I '  ,  I  - / len i  equat ions.  
Hor i i  . . . . i . i  I  :  :  soHie genera l  resu l  ts  concern i  ng the opt imi  
l io . .  e r  pe l  i  V i :  • .  l u . . ; . - '  ,  . . .  cur  a  y i  terns by us ing a var ia t ional  approach.  
Condi  l i  ons i \ , i  . . • i . ich .-sr .  v ) f  t  i  n,u:n s teady s ta te  can be improved by per iod ic  
i i i j c ru i iu i i  I  : ,  i :  ! . .  i ' : , , .  :uùerc , :  res . I ts  i rc  appl ied to  the op-
t  i  l i i i  u  or i  . .  .  .  ,  r  h  uie opt imuci  cer i ipera ture cyc le  to  produce 
the i i i . .A I  n i  ,1 ,  t ;  _ ;  i  :> i i  is u'c  le rmi  ned.  Chang and Bankof f  (8)  
developed à cun. i "  i  ta  t  i  vn -c l ier . ie  ba i led on the method o f  character is t ics  to  
opt i i . i i ze  a per  i  ue i  ou i  i  y ope ra ted jacketed tubular  reactor  in  which con-
uccut l  vc  readier . : ,  ere Ue '  ng car r ied out .  The input  is  per turbed s inusoid-
r .  I  t  /  r id  t-h, .  r . ; i . 'eer .x  u i  e  input  to  maximize the t ime average y ie ld  
, ,  '  i , ,  f  ;  ! ' •  i  !  • . I ' : - : ! :—!  /"•  ^ l ioht  increase in  the t ime average 
y i l .  I  i l  o f  i  l i ter - .  . . " . i i  t i  Ce I  s I  . . - - i l l  / lu l l  rc la t i  ve to  the opt imum steady s ta te  
V  i  e  1  d  .  
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Larsen (23)  in t roduces a spec ia l  case o f  the semi  batch operat ion cyc le  
used in  th is  research work.  Larsen shows that  the average y ie ld  for  semi-
batch operat ion re la t ive to  the s teady s ta te  y ie ld  for  the same average 
res idence t ime may be increased in  the isothermal  CSTR w i th  f i rs t  order  
k inet ics .  Lund and Seagrave (27)  extend th is  work to  show y ie ld  increases 
re la t ive to  the s teady s ta te  y ie ld  for  ad iabat ic  semi  batch operat ion wi th  
a f i rs t  order  exothermic  react ion» Fang and Engel  (17)  a lso showed an 
average y ie ld  increase by semi  batch operat ion re la t ive to  the s teady 
s ta te  CSTR for  isothermal  f i rs t  and second order  react ions.  Fang and 
Engel  ver i f ied the i r  resu l t -  exper imenta l ly  us ing the hydro lys is  o f  acet ic  
anhydr ide in  water  as the react ion system. 
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THE GENERAL EQUATIONS 
The genera l  equat ions  are  der ived be low fo r  the  var iab le-vo lume opera­
t ion  o f  a  STR in  which an exothermic  react ion  w i th  arb i t ra ry  react ion  
k ine t ics  is  occur r ing  In  the hor „ogeneous l iqu id  phase.  The reactor  i s  
prov ided w i th  a coo l ing  jacket .  The sys tem is  dep ic ted in  F igure  1 .  
The genera l  equat ions  fo r  the  var iab le-vo lume STR are  then wr i t ten  in  
d imens ion less  fo rm in  such a  way tha t  the  sys tem var iab les  are  def ined 
w i th  respect  to  a  re ference CSTR.  F ina l ly ,  two per formance c r i te r ia  are  
def ined which eva luate  the per formance o f  the  var iab le-vo lume STR w i th  
respect  to  the re ference CSTR.  These per formance c r i te r ia  are  ca l led  re la­
t i ve  y ie ld  and re la t ive  throughput .  The genera l  equat ions  in  d imens ion less  
fo rm prov ide the bas is  fo r  computa t ion  o f  re la t ive  y ie ld  and re la t ive  
throughput  fo r  d i f fe rent  types o f  var iab le-vo lume opera t ion  o f  the  STR 
d iscussed la ter  in  th is  thes is .  
A mater ia l  and energy  ba lance around the var iab le-vo lume STR y ie lds  
the fo l lowing independent  equat ions :  
1-  overa l l  vo lumet r ic  ba lance 
\J = V +  r  ^  (Q.  -  d)  d t  
o  .  ^  T 
(Eq.  1 )  
o  
2o reac tant  j  ba lance 
dC.  
d t  









T , (0  
"Q( t )  
C^( t )  
T(t) 
F igure  1 .  Schemat ic  d iagram o f  the  
s t i r red  tank reactor  
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3.  reactor  thermal  energy  ba lance 
,  d r  n  ( -AH. ) r  V q  
^ ^ (T, -  T) + Z — (Eq. 3) 
dt  V f  pCp pCp 
where q  =  ( - ^ )  (T-T^)  
4 .  Coo ler  thermal  energy  ba lance 
dT^ Qp Vq 
— ' fq- 4) 
The assumpt ions used in  these equat ions  are  
1 .  the  reactor  i s  we l l  s t i r red ,  tha t  i s  the  reactor  contents  are  
un i fo rm in  concent ra t ion  and temperature ,  and product  i s  d is ­
charged f rom the reactor  a t  the  same concent ra t ion  and tempera­
tu re  as the  reactor  contents  
2 .  the  coo ler  i s  we l l  s t i r red  
3.  there  i s  no vo lume change due to  react ion  
4. ( -AH. )  p, Cp, Cp_, Qj, ,  V^,  (UA/V)  a re  constant .  (UA/V)  i s  
constant  i  f  U i s  constant  and A and V a re  both  d i rec t ly  pro­
por t iona l  to  the l iqu id  leve l  in  the reactor .  ^  and T^.  a re  
constant .  
For  s  spec ies  and n  independent  reac t ions  Equat ion  2 represents  a  
se t  o f  s  reac tant  ba lances.  However ,  on ly  n  reactant  ba lances are  inde­
pendent  p rov ided that  the  feed compos i t ion  i s  constant  and tha t  the  in i t  
compos i t ion  and in i t ia l  ex tent  o f  each react ion  in  the reactor  are  con i -
pa t  i  b1e.  
In  th is  work  computa t ions  v ;erc  per formed us ing a reac t ion  ra te  
22 
constant  tha t  was e i ther  a  l inear  func t ion  o f  temperature  or  an Ar rhen ius  
func t ion  o f  temperature .  On ly  i r revers ib le  react ions  fo r  wh ich  the ra te  
constant  fo r  the  reverse react ion  is  zero  are  cons idered fo r  the  non-
iso thermal  case.  The ra te  constant  i s  expressed be low as a  l inear  func­
t ion  o f  temperature  and Ar rhen ius  func t ion  o f  temperature  respect ive ly .  
K =  +  b(T -  T^)  (Eq.  5a)  
K =  exp[ -  I "  (  I  - Y") ]  (Eq.  5b)  
g f  
These equat ions  may conven ient ly  be put  in  d imens ion less  fo rm by  
in t roduc ing the fo l lowing d imens ion less  var iab les .  
C j  =  Cj /Caf  9  =  t  0* /%^ 
T" '  =  T /T^  a" '  =  d /Qp (Eq.  6 )  
=  K/Kf  Gf  =  0^ /0% 
( -AH.)  
( -AH. ) '=  :— V =  V/V 
'  ( -AH, )  M 
The subscr ip t  R re fers  to  the  re ference reactor .  The re ference re­
ac tor  i s  the  (STR w i th  the same max imum vo lume,  feed compos i t ion ,  and 
feed temperature  as the  var iab le-vo lume STR.  The d imens ion less  concen­
t ra t ion  is  determined w i th  respect  to  the concent ra t ion  o f  reactant  A in  
the feed s t ream.  The iso thermal  and ad iabat ic  cases fo r  the  var iab le-
vo lume STR are  s tud ied in  deta i l .  The re ference reactor  i s  iso thermal  
fo r  the  case o f  the  iso thermal  var iab le-vo lume STR and ad iabat ic  fo r  
the  case o f  the  ad iabat ic  var iab le-vo lume STR.  
When the  d imenbion iebb var iab ley  are  subst iLu ted in to  Equat ions  1 
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through S, the following dimensionless equations result. 
r = V" + r ® (d* - Q")de (Eq. 7) 
o J 9^  r  
dCj' Q:' n 
—— = —~ (c" - CV) + P s a,, r. (Eq. 8) 
d0 M i=l ' 
i = ] ,  1, n independent reactions 
dT Q.r n .1. 
= 7. (1 -T" )  +  RP Z  ( -AH;) "  r "  -  M(T -T . " )  (Eq,  9 )  
de M" ;= i  '  '  ^  
G— = - iL  Q_'-  (T  _  TP +  NV (T'-T )  (Eq.  10)  
de c  c f  c  
K "  =  1  +  L ( t " - 1  )  (Eq.  1 1 a )  
K =  exp[ -L '  ( "^  -1) ]  (Eq.  l ib )  
ï""' 
The d imens ion less  parameters  wh ich  appear  in  the d imens ion less  equa­
t ions  are  def ined be low.  
Re la t ive  Rate  Constant  P =  (see Tab le  1 )  
Re la t ive  Thermal  Energy  R =  ( "AH^^C^^/pCpT^ 
Reactor  Heat  Transfer  ^  ,  UA \  .  
Parameter  "  V ^ V^R^V 
Srl^etër' 
L inear  React ion  Rate  L  =  b  T /K  
Parameter  f  f  
Ar rhen ius  React ion  Rate  L' = E/PL T, 
Parameter  9  f  
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The express ions fo r  react ion  ra te ,  r'. ', for the different types of re­
act ion  sys tems s tud ied are  g iven in  Tab le  1 .  
The genera l  non iso thermal  opera t ion  o f  the  var iab le-vo lume STR is not  
cons idered in  the remainder  o f  th is  work» Only  the  spec ia l  cases o f  iso­
thermal  and ad iabat ic  opera t ion  are  cons idered» For  the  iso thermal  case 
on ly  Equat ions  7  and 8  are  requ i red to  determine product  concent ra t ions .  
Fur ther ,  the  feed temperature  i s  arb i t ra r i l y  assumed equa l  to  the  tempera­
tu re  o f  the  reactor  contents ,  so  tha t  the  react ion  ra te  constant ,  K ,  is  
un i ty .  For  the  ad iabat ic  case Equat ions  1,  8,  3,  and 11 w i th  M se t  equa l  
to  zero  must  be so lved s imul taneous ly  to  determine concent ra t ion  and 
temperature  pro f i les» 
The two per formance c r i te r ia ,  namely ,  re la t ive  y ie ld  and re la t ive  
throughput ,  a re  def ined be low.  For  a  par t icu lar  type o f  var iab le-vo lume 
opera t ion  e i ther  c r i te r ia  may be used.  The two c r i te r ia  mere ly  represent  
d i f fe rent  ways o f  eva luat ing  the product ion  ra te  o f  the  var iab le-vo lume 
STR w i t l ' i  respect  to  the re fercncc CSTR.  The two c r i te r ia  are  not  inde­
pendent  and a  method fo r  determin ing re la t ive  throughput  when the  re la t ive  
y ie ld  is  known i s  presented.  
Def in i t ion  o f  re la t ive  y ie ld  re la t ive  y ie ld  i s  def ined as the  
ra t io  o f  the  f low average product  concent ra t ion  f rom the var iab le-
i /o lume STR to  the constant  product  concent ra t ion  f rom the re ference 
CSTR.  The var iab le-vo lume STR and the  re ference CSTR have the  same 
max imum vo lume,  the  same feed compos i t ion  and temperature ,  and the  
same t ime average throughput  o f  process mater ia l .  The re la t ive  y ie ld  
o f  product  j  is  expressed mathemat ica l ly  by  
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Table  1 .  Rate  express ions fo r  react ion  sys tems s tud ied 
React ion  
sys tem 
Dîmensîon less  ra te  
express ion,  I vH 
Relat ive  ra te  
constant ,  P 
K 
A i -B  
i  sothermal  
KfVM/Q% 
K 
A >  B 
ad i  abat i  c  
•K C,  
k  
a ;=±B 
K t  
i so thermal  
' 'A  "  ^Ae 
K 
2 a  > b  
i  sothermal  
-C 
-A- 2  
a  
ad i  abat  i  c  
-.2 
•K"C;  KfCAfVM/%R 
k j  k ,  
a  > b  > c  
K 
2A 
i  sothermal  
r „  =  
^2 




f low average concent ra t ion  o f  j  in  product  f rom 
var iab le-vo lume STR 
" i  -
• '  concent ra t ion  o f  j  in  re ference CSTR 
Cj / ([])% (Eq. ]2) 
J ; da 
— P -  1  
where  C.  =  g  (Eq.  13)  
P 
r  d9 
and 0p -  0p I  is  the t ime in terva l  fo r  one var iab le-vo lume per iod  
fo r  wh ich  the  concent ra t ion  is  a  s teady per iod ic  func t ion  o f  t ime.  
Def in i t ion  o f  re la t ive  throughput  re la t ive  throughput  i s  def ined 
as the  ra t io  o f  the  t ime average th roughput  in  the var iab le-vo lume 
STR to  the constant  th roughput  in  the re ference CSTR.  The var iab le-
vo lume STR and the  re ference CSTR have the same max imum vo lume,  the  
same feed compos i t ion  and temperature ,  and the  same f low average 
concent ra t ion  o f  product  f rom the reactor .  The re la t ive  throughput  
i s  def ined mathemat ica l ly  by  
t ime average throughput  o f  
V -  process mater ia l  in  var iab le-vo lume STR 
constant  th roughput  o f  process mater ia l  
i  p.  re ference CSTR.  
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a/(Cl)^ (Eqo 14) 
,  8p 
9p 
r  de 
8p_,  
where  0p -  9p_^ i s  the length  o f  one var iab le-vo lume per iod .  
Impl ic i t  in  the above de f in i t ions  o f  re la t ive  y ie ld  and re la t ive  
throughput  i s  the fac t  tha t  the  re la t ive  throughput  i s  equa l  to  un i ty  in  
the def in i t ions  o f  re la t ive  y ie ld  and v ice  versa.  
Cons ider  the  re la t ive  y ie ld  o f  product  j  to  be known as  a  func t ion  o f  
the  re la t ive  ra te  constant ,  P» The concent ra t ion  o f  component  j  in  the 
re ference CSTR i s  determined by  so lu t ion  o f  the  s teady s ta te  form o f  the  
genera l  d imsns io f i less  equat ions .  The f low average concent ra t ion  o f  
component  j  in  the re ference CSTR and in  the var iab le-vo lume STR i s  then 
g iven respect ive ly  by  
( C I =  c j f  +  f  ( , % ,  " i j  r i ' R  f q -  ' 5 )  
Cj '  = "i j  (cj)^ (Eq. 16) 
Now the  re la t ive  throughput ,  v ,  may be determined w i th  respect  to  a  second 
re ference CSTR wh ich  has a  concent ra t ion  o f  component  j  g iven by  
(c : ) ,  C: (Eq. 17) 
J^R'  J  
where  the  subscr ip t  R '  denotes  the  second re ference CSTR.  The re la t ive  
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th roughput  w i th  respect  to  the  second re ference CSTR i s  determined by  
so lu t ion  o f  the  s teady s ta te  form o f  the  genera l  d imens ion less  equat ions  
w i th  P rep laced by  PY.  Re la t ive  throughput  w i th  respect  to  the second 
re ference CSTR i s  then g iven by  
Y = ' ^ ^ (Eq. 18) 
-P (  Z  .  r . )^ ,  
1 = 1 J 
Af ter  Y has been determined in  Equat ion  18^  the  cor respond ing convers ion 
o f  component  A i s  g iven by  
\  (.%,  " iA  '9 '  
1 =  1 
Equat ions  15;  16;  18;  and 19 determine re la t ive  throughput  as  a  func t ion  
o f  f low average convers ion o f  component  A f rom a knowledge o f  re la t ive  
y ie ld  versus re la t ive  ra te  constant  and the  s teady s ta te  so lu t ions  to  
the genera l  d imens ion less  equat ions .  
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CONSTANT VOLUME OPERATION 
So lu t ions  to  the genera l  equat ions  in  d imens ion less  fo rm for  t ran­
s ient  and s teady s ta te  opera t ion  o f  the  CSTR are  g iven here .  The s teady 
s ta te  so lu t ions  y ie ld  the d imens ion less  concent ra t ion ,  temperature ,  and 
re la t ive  ra te  constant  fo r  the  re ference CSTR and may be used la ter  in  
the determinat ion  o f  re la t ive  y ie ld  and re la t ive  throughput  fo r  var iab le-
vo lume opera t ion .  The t rans ient  and s teady s ta te  so lu t ions  fo r  the  CSTR 
a id  in  unders tand ing the  cond i t ions  fo r  wh ich var iab le-vo lume opera t ion  
o f  the  STR may resu l t  in  a re la t ive  y ie ld  or  re la t ive  throughput  g r^a tAr  
than un i ty .  
The d imens ion less  equat ions  fo r  constant  vo lume opera t ion  are  ob­
ta ined f rom the d imens ion less  form o f  the  genera l  equat ions  by  se t t ing  
Q^/V equa l  to  un i ty .  
Iso thermal  
The s teady s ta te  concent ra t ion  in  the CSTR i s  eas i ly  determined fo r  
the  react ion  schemes cons idered in  th is  work .  The t rans ient  concent ra t ion  
p ro f i le  in  t ime can be determined ana ly t ica l ly  fo r  the  case o f  f i rs t  
order  react ions  in  the CSTR.  These so lu t ions  are  g iven in  Tab le  2 .  
Ad i  abat ic  
In  the ad iabat ic  CSTR a l l  o f  the  heat  genera ted by  the  exothermic  
react ion  i s  used to  heat  the  incoming feed to  the ad iabat ic  opera t ing  
temperature .  The ad iabat ic  CSTR and the  iso thermal  CSTR are  oppos i te  
ex t remes o f  the  more genera l  non iso thermal  CSTR.  
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Table  le  So lu t ions  to  iso thermal  constant  vo lume equat ions  
React ion  Steady s ta te  Trans ient  concent ra t ion  
scheme concent ra t ion ,  C p ro f i le ,  C"(9)  
A^B C^ '= l / (1  + P)  C^ '  =  ~  (l-exp[ - ( l+P ) 0 ] )  
+ C^ ' (O)  exp[ - ( l+P)e ]  
K I+PC"  1 +  PC" 
"  "T+p— ( i -exp[ - ( i+p)e ] )  
k '  
+  (0)  exp[ - ( l+p)e ]  
2a_!L , r  r" -  (2P+n - s/ (2P+] )^ -  4P^ 
K,  K„  ,  -d+P)  +  i  (1+P)^  +  4PK,C /K 
K,  
2A 40  Cg =  PC^/CI  +  PK^/K^)  
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Sing le  react i  on o f  arb i  t ra ry  order  
The react ion  ra te  fo r  a  s ing le  react ion  in  which each spec ies  con­
cent ra t ion  can be re la ted to  the ex tent  o f  react ion  may be expressed as  a  
func t ion  o f  the  concent ra t ion  o f  spec ies  A and temperature  
r *  =  r " (C*  T* ) .  
F igure  2 shows the  form o f  curves o f  constant  reac t ion  ra te  fo r  the  exo­
thermic  i r revers ib le  react ion  in  the (1  -  T )  p lane.  At  s teady s ta te  
the d imens ion less  fo rm o f  the  genera l  equat ions  fo r  the CSTR become 
1 -  C^ '  -  Pr ' " ' (Ç T" ' )  =  0  (Eqo 20)  
1 -  t "  +  RP r ' ' (C^ ;  T" )  =  0  (Eq,  21 )  
Equat ions  20 and 21 may be combined to  e l iminate  r  and g ive  the energy  
ba lance l ine  
I  -  C^ '  =  ^  T -  i  (Eq.  22)  
Equat ion  22 a lso  ho lds  fo r  the  ad iabat ic  p lug f low reactor .  Equat ion  22 
i s  p lo t ted  as l ine  FG in  F igure  ^ .  FG g ives  the  loc i  o f  a l l  poss ib le  pro­
duct  s ta tes  f rom the ad iabat ic  CSTR.  FG a lways c rosses the  T ax is  a t  the  
po in t  (Oj  I )o  The s lope o f  FG i s  determined by  the feed cond i t ions  fo r  a  
par t icu lar  react ion .  Th is  i s  apparent  f rom the def in i t ion  o f  R.  
R .  (Eq.  23)  
p  Cp T^  
K i s  the d imens ion less  ad iabat ic  temperature  r ises  At  comple te  con­
vers ion 
K =  t "  -  lo  (Eq.  24)  
32. 
G 
TEMPERATURE,  T"  
F igure  2 .  Loc i  o f  constant  react ic#  ra te  fo r  an exothermic  
i r revers ib le  react ion  
The curves are  l ines  o f  constant  reac t ion  ra te  
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I f  the va lues o f  react ion  ra te  a long FG are  p lo t ted  aga ins t  con­
vers ion,  1 -  the react ion  ra te  w i l l  go th rough a  max imum a t  (1  -
cor respond ing to  po in t  A on FG.  The s lope o f  th is  curve i s  ca l led  the 
ad iabat ic  der iva t ive  o f  react ion  ra te  by  Ar is  (1^  Chapter  8 )  and i s  
g iven by  
— r"(C T*) = - + R (Eq. 25) 
d ( l -C^)  ST"  
A t  a  po in t  A on FG d^  r  /d ( l -C^)  =  0^ and i t  fo l lows that  
d  ( l -C^) /dT =  1 /R a t  po in t  A» From Equat ion  20 i t  is  seen tha t  the  
product ion  ra te ,  ( l "C^ ' ) /P j  in  the ad iabat ic  CSTR i s  a lso  a  max imum a t  
po in t  Ao Ar is  (1 ,  Chapter  8 )  a lso  shows tha t  i f  the energy  ba lance l ine  
fo r  ad iabat ic  opera t ion  is  g iven by  l ine  FG in  F igure  2 ,  then the leas t  
res idence t ime is  ach ieved under  the  fo l lowing cond i t ions :  
1 .  I f  a  convers ion less  than (1-C^)^  i s  des i red,  then the leas t  
res idence t ime is  ach ieved in  the ad iabat ic  CSTR° 
2 .  I f  a  convers ion greater  than (1-C^)^  i s  des i red,  then the 
leas t  to ta l  res idence t ime i s  ach ieved by  an ad iabat ic  CSTR 
w i th  convers ion fo l lowed in  ser ies  by  an ad iabat ic  
p lug f low reactor  to  increase the convers ion to  the  des i red 
va lue.  Th is  i s  ca l led  the opt imal  ad iabat ic  CSTR and p lug f low 
reactor  combinat ion» 
The average react ion  ra te  i s  a  max imum in  the opt imal  reactor  combina­
t ion .  In  genera l ,  the  reactor  type w i th  the max imum average react ion  
ra te  w i l l  requ i re  the leas t  res idence t ime to  opera te  a t  a  spec i f ied  
convu i  s i  Oi l .  
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The s tab i l i t y  o f  the  s teady s ta te  in  an ad iabat ic  CSTR i s  a lso  an 
impor tant  cons idera t ion .  A knowledge o f  the  s tab i l i t y  o f  the  s teady 
s ta te  w i l l  g ive  ins ight  in to  the s tab i l i t y  prob lems to  be expected w i th  
the ad iabat ic  var iab le-vo lume 5TR.  Cons ider  Equat ions  20 and 22 fo r  the  
ad iabat ic  CSTR.  The loc i  o f  Equat ions  20 and 22 in  the (1-C^,T )  p lane 
are  denoted by  ç  l ines  and l ine  FG respect ive ly  in  F igure  3^ The in ter ­
sect ion  o f  Ç l ines  w i th  FG represent  s teady s ta te  so lu t ions  to  Equat ions  
20 and 22.  I f  an ad iabat ic  CSTR i s  opera t ing  a t  s teady s ta te  C,  a  
s l igh t  increase in  res idence t ime w i l l  ign i te  the react ion  and the  s teady 
s ta te  w i l l  sh i f t  to  s teady s ta te  I .  S imi la r ly  a  s l igh t  decrease in  
res idence t ime in  an ad iabat ic  CSTR w i th  s teady s ta te  E w i l l  cause the  
react ion  to  be b lown out ,  and the  s teady s ta te  w i l l  sh i f t  to  A.  I f  the  
re ference ad iabat ic  CSTR has the  s teady s ta te  cor respond ing to  po in t  E,  
the  react ion  may be b lown out  in  the ad iabat ic  var iab le-vo lume STR,  
s ince the ins tantaneous res idence t ime in  the ad iabat ic  var iab le-vo lume 
STR may decrease be low the res idence t ime in  the re ference ad iabat ic  
CSTR.  A lso  the  react ion  may be re ign i ted  as the  ins tantaneous res idence 
t ime i s  increas ing in  the ad iabat ic  var iab le-vo lume STR.  The poss i ­
b i l i t y  o f  such a  b lowing out  and re ign i t ing  o f  the  react ion  is  much 
less  when the  re ference ad iabat ic  CSTR has s teady s ta te  J  and dev ia t ions  
o f  the  ins tantaneous res idence t ime in  the ad iabat ic  var iab le-vo lume 
STR a re  su f f i c ien t ly  smal l  about  the  average res idence t ime which 
cor responds to  the res idence t ime in  the re ference ad iabat ic  CSTR.  Of  
course,  th is  ana lys is  does not  app ly  accura te ly  to  the  var iab le-vo lume 
STR s ince i t  opera tes  in  a t rans ient  manner .  However ,  the  poss ib i l i t y  
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G 
increas ing res idence 
t ime t  
TEMPERATURE,  T  
F igure  3 .  Loc i  o f  mater ia l  and energy  ba lance l ines  fo r  
the  ad iabat ic  cont inuous s t i r red  tank reactor  
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of  th is  very  undes i rab le  type o f  opera t ion  i s  s t i l l  present .  On ly  i f  the 
res idence t ime in  the var iab le-vo lume STR changes very  s lowly  so tha t  
s teady s ta te  cond i t ions  are  a lways present ,  w i l l  the  above ana lys is  be 
cor rec t ,  
F i  rs t  order  react ions  
Steady s ta te  and t rans ient  opera t ion  o f  the  ad iabat ic  CSTR are  con­
s idered here  fo r  the  case o f  an exothermic  and i r revers ib le  f i rs t  order  
react ion .  The ra te  constant ,  K ,  is  assumed to  be a  l inear  func t ion  o f  
temperature  as  g iven by  Equat ion  11a.  
S tead,  s ta te  opera t ion  At  s teady s ta te  che d imens ion less  form;  
o f  the  genera l  equat ions  become 
1 -  C*  -  PK"  C^= 0 (Eq.  26)  
1 -  T +  RPK"C^ '  =0  (Eq.  2?)  
K"  =  1 +  L  (T"  -  1 )  (Eq.  1 la )  
The in tersect ion  o f  the  mater ia l  ba lance 1 i  t ie  ueLermined by  Equat ion  
26 and the  energy  ba lance l ine  determined by  Equat ion  22 in  the (1-C^,T )  
p lane g ives  the s teady s ta te  opera t ing  po in t .  S ince the ra te  constant ,  
K ,  is  a l inear  func t ion  o f  temperature ,  there  can be on ly  one poss ib le  
s teady s ta te  opera t ing  po in t  fo r  f i xed va lues o f  R,  L ,  and P.  ( I f  the  
ra te  constant ,  K ,  were g iven by  the  Ar rhen ius  equat ion ,  then as many as  
3  s teady s ta tes  would  be poss ib le . )  The s teady s ta te  opera t ing  po in t  
a lways sa t is f ies  the necessary  cond i t ion  fo r  s tab i l i t y»  There  i s  no 
ign i t ion  po in t  or  b low out  po in t  fo r  the  react ion  in  the ad iabat ic  CSTR-
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Equat ions  26, 21, and Ha may be so lved s imul taneous ly  to  g ive  con 
cent ra t ion  as a  func t ion  o f  R,  L j  and P.  The resu l t  i s  
may a lso  be wr i t ten  as a  func t ion  o f  Rj  L ,  and P o  Figures  4  and 5  show 
T ;  K j  and r  p lo t ted  aga ins t  log^gClOO P )  wi th  R and L  as  param­
e ters .  The ana log computer  was used to  genera te  these p lo ts  us ing 
log^Q (100 P)  as  the  independent  var iab le .  The p lo t  o f  react ion  ra te  
versus convers ion o f  reactar , t  A in  F igure  6  i s  a p lo t  o f  the  va lues o f  
react ion  ra te  a long the energy  ba lance l ine .  The s lope o f  the  curve fo r  
react ion  ra te  versus convers ion in  F igure  6  i s  the ad iabat ic  der iva t ive  
def ined by  Equat ion  25» For  va lues o f  convers ion fo r  wh ich the  ad iabat ic  
der iva t ive  is  pos i t i ve ,  an ad iabat ic  CSTR w i l l  ach ieve the greates t  con­
vers ion.  For  va lues o f  convers ion fo r  wh ich the  ad iabat ic  der iva t ive  is  
negat ive ,  the  opt imal  ad iabat ic  CSTR and p lug f low reactor  combinat ion  
w i l l  ach ieve the greates t  convers ion» 
From Equat ion  28 i t  is  seen tha t  R and L  a lways appear  as  the  pro­
duct  RLo There fore  
The ra te  constant ,  K ,  the temperature ,  T  ,  and the react ion  ra te ,  r  ,  
= C^tRL,  P) .  (Eqo 29)  
By cons ider ing  Equat ions  11a,  22,  26, and 28 i t  is  seen tha t  
K '  =  K ' (RL,P)  
r  =  r  (RL,  P)  
T  •" =  T" ' (R,L ,  P) .  
(Eq.  30)  
(Eqo 31) 
(Eq.  32)  
R and L  mpppAr  As the  product  RL in  these express ions because the  
Figure  h .  Concent ra t ion  and temperature  versus the  logar i thm 
o f  the  re la t ive  ra te  constant  
D I  M E N S  I O N L E S S  C O N C E N T R A T  I  O N ,  
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VD 
Figure  5 .  React ion  ra te  and ra te  constant  versus 
the  logar i thm o f  the  re la t ive  ra te  constant  
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CONVERSION,  ( I  -  C 
F igure  6 .  React ion  ra te  vs .  convers ion fo r  an exothermic  
react ion  under  ad iabat ic  cond i t ions  
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ra te  constant ,  K ,  is  a l inear  func t ion  o f  temperature .  I f  K were  g iven 
by  the Ar rhen ius  express ion,  a l l  the  var iab les  would  depend on the  in ­
d iv idua l  va lues o f  R,  L ,  and P» 
The max imum product ion  ra te ,  g iven by  (1-C^) /P,  occurs  when the  re­
ac t ion  ra te  i s  a max imum and the  ad iabat ic  der iva t ive  i s  zero .  The max i ­
mum react ion  ra te  and cor respond ing va lues o f  the  o ther  var iab les  may be 
determined as  a  func t ion  o f  R L o  The resu l t ing  express ions are  g iven 
be low.  
( i< )  




P (Eq.  3  5 )  
max (RL+1)  









Trans ient  opera t ion  Some t rans ient  so lu t ions  o f  the  constant  
vo lume ad iabat ic  CSTR equat ions  were determined.  The ana log computer  
was used to  so lve  the  sys tem o f  equat ions ,  s ince ana ly t ica l  so lu t ions  o f  
these coup led and non l inear  f i rs t  order  d i f fe rent ia l  equat ions  are  not  
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known.  P lo ts  o f  the  resu l ts  are  shown in  F igures  7^ 8^  and 9 .  The e f fec t  
o f  the  product  RL i s  shown in  F igure  1,  and the  e f fec t  o f  the  re la t ive  
ra te  constant ,  P,  i s  shown in  F igure  8 .  Dur ing the  t rans ient  opera t ion ,  
the  concent ra t ion  and the  ra te  constant  and thus  the react ion  ve loc i ty  
depend on the product  RL,  as  has a lso  been shown fo r  s teady s ta te  opera­
t ion .  Th is  i s  shown by  combin ing the  t rans ient  equat ions  and thereby 
obta in ing one second order  d i f fe rent ia l  equat ion  in  which R and L  a lways 
occur  in  combinat iono For  a  g iven RL,  the  react ion  ra te  a t ta ins  la rger  
va lues dur ing  the t rans ient  opera t ion  than the s teady s ta te  react ion  ra te  
on ly  fo r  va lues o f  the  re la t ive  ra te  constant ,  P,  g reater  than P *  
max 
F igure  9  shows the  e f fec t  o f  the  in i t ia l  concent ra t ion  o f  reactant ,  
C^(0) ,  in  the reactor  on the t rans ient  behav ior  fo r  f i xed P and RLo I t  
is  in teres t ing  to  note  tha t  the  t rans ient  react ion  ra te  goes th rough the 
max imum va lue,  r ^^^  for  
unrea l izeab le  case where 
to  un i ty .  
va lues o f  P g reater  than P -  on ly  fo r  the  
max 
the  in i t ia l  d imens ion less  concent ra t ion  i s  equa l  
Figure 7.  Ef fect  of  heat  sensi t iv i ty  on the t ransient  
behavior  of  the adiabat ic  cont inuous s t i r red 
tank reactor  
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Figure 8.  Ef fect  of  the re lat ive rate constant  on the 
t ransient  behavior  of  the adiabat ic  cont inuous 
s t i r red tank reactor  
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Figure 9.  Ef fect  of  in i t ia l  concentrat ion in  the reactor  
on the t ransient  behavior  o f  the adiabat ic  
cont inuous s t i r red tank reactor  
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VARIABLE-VOLUME OPERATION 
The phrase "var iable-volume operat ion"  of  a STR is  used to denote a 
per iodic operat ion of  the STR for  which the dr iv ing force is  a per iodic 
res idence t ime funct ion,  V/Q,^.  In  general  the per iodic feed and d ischarge 
rates for  the reactor  which determine the volume and res idence t ime wi l l  
generate a var iable volume which is  a per iodic funct ion of  t ime.  
Two var iable-volume operat ions are considered.  They are semi cont inu­
ous var iable-volume operat ion and cont inuous var iable-volume operat ion.  
Semi batch operat ion,  which is  a specia l  case of  semicont inuous var iable-
volume operat ion,  is  considered in  deta i l ,  s ince fewer parameters are in­
volved in  the analys is .  Fur thermore,  sem:batch operat ion resul ts  in  a 
re lat ive y ie ld or  re lat ive throughput  greater  than that  obta ined by the 
more general  semicont inuous var iable-volume operat ion for  the case of  a 
s ingle react ion in  the isothermal  reactor .  
In  order  for  var iable-volume operat ion of  the STR to  occur the feed 
f low rate must  be a l ternate ly  greater  and less than the d ischarge f low rate 
dur ing the var iable-volume cycle-  Tha parameters used to determine the 
var iable=volumc cycle are,  in  general ,  a measure of  the ampl i tude and 
f requency of  the feed and d ischarge f low rates and the phase angle between 
the feed and d ischarge f low rates.  An increase in  re lat ive y ie ld and 
re lat ive throughput  is  obta ined when the d ischarge f low rate is  such that  
product  is  discharged at  a low rate when the product  concentrat ion is  low 
in  the reactor  and product  is  d ischarged f rom the reactor  at  a h igh rate 
when the product  concentrat ion is  h igh in  the reactor .  
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Reactor  F i l l ing and Empty ing 
The semi cont inuous cycle for  semicont inuous var iable-volume opera­
t ion of  the STR a lways has some por t ions of  the cycle devoted to f i l l ing 
and empty ing the reactor .  The solut ions to the d imensionless form of  the 
general  equat ions for  the case of  a f i rs t  order react ion in  an isothermal  
STR are g iven below» These solut ions are used in  the determinat ion of  
analyt ica l  expressions for  re lat ive y ie ld and re lat ive throughput  for  
th is  case by semi batch operat ion» 
loO Reactor  f i l l ing (Q.^ =  1,  Q =0^ V (0)  = V^)  :  
ci; = % [1 - (PV*C*(0)-1) exp(-P9)]o (Eq. 38) 
A P(V^+8 )  °  *  
2o0 Reactor  Empty ing (Q. =  1^ Q.^ =  0,  V (O) = 1 )  ;  
Ca = 0^(0)  exp(-P0)o (Eq.  39)  
3.0 Reactor  F i l l ing {Q.'^  > Q." > 0, \l" (0) = Consider  only the 
t ime in terval  required to f i l l  the reactor .  No loss in  
general i ty  occurs i f  i t  is  speci f ied that  Q.r  =  1.  An ana­
ly t ica l  solut ion can be determined i f  Q.^ i s  an in teger mul t ip le 
of  (Qj !  -  Q. )o  This condi t ion is  expressed mathemat ical ly  by 
df  I  
;  — = — = n (an in teger)  (Eq.  40)  
( O f -  I  -  0 "  
n — 1J 3^ •o Q 
I f  n = 2 and v"  = 0,  the concentrat ion of  rcactant  A is  g iven 
by 
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[ *= 2rP9- l  +exp(-P9) l  (Eq.  4 , )  
A (p^r 
For the general  case the solut ion becomes 
C„ = 
fl, + [(Pnv;)" t - ( 0 )  -  exp(-P9) 
[Pn(/ + e /n) l "  
where 
Aj  = n[Pn(Vg + 0/n)  ] "  ^-n(n-1 )  [Pn(\ /^+0/n) l "  ^ . . .+ ( -1)"  'n(n- l ) . '  
Ag = n[PnVg]"  ' -n(n-1 )  [PnV^]"^  'n(n- l ) . '  
4 .0 Reactor  Empty ing (Q,"  >  Q."  >0,  V" (0)  = 1) ;  Consider  only the 
t ime interval  required to empty the reactor .  Set  = I .  
analyt ica l  so lut ion can be determined i f  Q. is  an in teger mul t i ­
p le (Q. '^  -  Q. ) .  This condi t ion is  expressed mathemat ical ly  by 
—r—% = — = m (an in teger)  (Eq.  43)  
G - O f  '  -  O f  m =  ^  3 ,  4 ,  . . .  
For the specia l  case where n = 2,  the concentrat ion of  reactanc 
A is  g iven by 
= (1- f l /m) [Pm- (Pm-C^(O) )exp(-P0)-BPm exprPni( l+0/m) 3] (Eq.  44)  
where 1/ k  
( - t )  (Pm) [1-( t -8/m)^ l  
B = L  -  1n(}-0/m).  
k=l  K.KJ 
For the general  case the solut ion becomes 
.  m-2 .  1 
" li&yy Z (-I)J (Pm)J(m-2-j).'Kl-9/m)J-(l-e/m)"- 'exp(-PO)l 
j=0 
(Eq. 45) 
4- C%(0) ( l -0/m)^^ 'cxp(-P9) + ( - l )^  ^rpm(l -8/ml^ 'exprPm(l -0/m) ]B 
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I t  can be seen that  the expressions for  the concentrat ion of  re-
actant  A are much more compl icated i f  there is  a posi t ive discharge 
f low rate when f i l l ing the reactor  or  a posi t ive feed rate when empty ing 
the reactor .  
Semi cont inuous Var iable-Volume Operat ion 
The cyc le for  semi cont inuous operat ion of  the STR is  shown in  Figure 
10 and the cycle for  semi batch operat ion of  the STR is  shown in  Figure 
] ] .  The equat ions which descr ibe the semi cont inuous cycle and the semi-
batch cycle are g iven in  Table 3 and Table 4 respect ive ly .  These cyc les 
are d iv ided into f ract ions in  which a d i f ferent  res idence t ime funct ion,  
V' /Q,^,  is  used for  each f ract iono There resul ts  a f low pat tern in  which 
the input  f low,  is  a l ternate ly  greater  and less than the output  f low.  
The semi cont inuous cycle is  more general  than the semi batch cycle 
in  that  an input  and output  f low rate may be present  dur ing the f i l l ing,  
batch,  and empty ing f ract ion of  the semi cont inuous cycleo For the semi = 
batch cycle,  feed is  int roduced in to the reactor  only dur ing the f i l l ing 
fract ion-  and product  is  d ischarged only dur ing the empty ing f ract ion of  
the semi batch cycle.  
The fo l lowing equat ions merely def ine parameters which are con­
venient  co l lect ions of  other  parameters for  the semi cont inuous cycle.  
These parameters are used to s impl i fy  equat ions g iven la ter .  
Ç =  0 -  9 (Eq.  46a) 
F r  O 
$ =  0 -  9 (Eq* 46b) 
Figure 10.  The semi cont inuous cycle 
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Figure 11 The semi batch cycle 
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Table 3» Equat ions for  the semicont inuous cycle 
Operat ion/  
f ract ion of  
cyc le 
Ti  me Feed Rate Discharge 
n" : Rate 
Vol  ume 
V* 




eo< 9 < Gp 
.< 8 < 
8o< 9 < 9r 




Cons t r a l ni  nq Equat ions 
Ï 5p = V ( ?p) + +1^1, ( îf) 
f ^ p ' 4  ( S p )  -  4  ( ? „ )  +  Q j  ( 5 , )  
(<F - 'IP 
' fB 
1 . 0  
Q." i+(Q.f^-Q.£) (9-9g) 
6 o  
Table 4.  Equat ions for  the semi batch cycle 
Operat ion/  Time Feed Di  scharge Volume 
f ract ion of  Rate Rate 
v"' Cycle -,v 
%f Cl""' 
Fi l l ing 8^<8 Of F 0 \ * <F(S - V 
Batch 0p < 0 CO 
C
D
 V 0 0 1 
Empty i  ng C
D













 0 0 v "  0  
Constra in ing Equat ions 
Y  
" V 
Y  ^ = 1 -  V" 
0  
II 
The volume of  react ing f lu id in  the reactor  and the feed and d is­
charge f low rates are determined as a funct ion of  t ime for  the general  
semicont inuous cycle by f ix ing eight  parameters» The instantaneous res i ­
dence t ime funct ion,  V /Q^,  may then be determined by f ix ing the fo l low­
ing e ight  parameters.  
V /Q.^ -  (V /Q^)  Tp,  Tg,  Tp} ' • '7)  
For  the semi batch cycle the volume of  react ing f lu id and the feed and 
d ischarge f low rates are determined as funct ions of  t ime by f ix ing f ive 
parametersc The parametei 'b  may be f ixed as fo l lows.  
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=(V"/Q. '^)  (Vg,  Op,  Pg,  Y) (Eq. 48) 
In  the STR in  which the mix ing occurs on the molecular  scale,  the 
convers ion of  reactant  depends on the react ion k inet ics and the res idence 
t ime d is t r ibut ion of  mater ia l  leaving the reactor .  Therefore,  a knowledge 
of  the res idence t ime d is t r ibut ion of  mater ia l  leaving the STR dur ing semi-
cont inuous operat ion becomes important .  The average res idence t ime of  
mater ia l  leaving the STR dur ing semi cont inuous operat ion is  a per iodic 
funct ion of  t ime.  There wi l l  be a d i f ferent  res idence t ime d is t r ibut ion 
for  each point  in  t ime dur ing the semi cont inuous cycle.  This is  unl ike 
the steady state operated reactor  in  which there is  one res idence t ime 
d is t r ibut ion which appl ies for  a l l  values of  t ime.  
An equat ion for  the res idence t ime d is t r ibut ion funct ion and the 
res idence t ime f requency funct ion for  an unsteady s tate STR have been 
developed by Nauman (30)  and are g iven respect ive ly  by 
where S(9,9 ' )  = f ract ion of  mater ia l  leaving the reactor  at  t ime 0 which 
r 9 ,v ,v 
)  =  exp -  r  ( d r / V  )d0 
"9-8 '  ^ 
(Eq. 49) 
(Eq. 50) 
remained in  the reactor  for  a durat ion of  t ime greater  
than 9 ' ,  i .e .  f ract ion of  mater ia l  leaving at  0 '  which 
entered before 9 - 9 ' .  Note that  the symbol  9  denotes 
d imensionless real  t ime whi le 9 '  denotes d imensionless 
res idence t ime.  
The average d imensionless res idence t ime tor  mater ia l  leaving the 
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unsteady reactor  at  t ime 0 is  g iven by Nauman (30)  as 
03 
t(0)  = r  9 'g (9,9 ')d8' .  (Eq.  50 
0 
The average res idence t ime as g iven by Equat ion 51 appl ies for  both the 
mater ia l  leaving the STR and the mater ia l  in  the SIR due to the assumpt ion 
of  per fect  mix ing in  the STR. 
Equat ions 49;  50;  and 51 were used to determine the residence t ime 
d is t r ibut ion funct ion,  the res idence t ime f requency funct ion,  and the 
average res idence t ime for  mater ia l  leaving the STR dur ing semi batch 
operat ion.  
Table 5 g ives expressions for  the res idence t ime d is t r ibut ion func­
t ion and the res idence t ime f requency funct ion for  any real  t ime dur ing 
the f i l l ing f ract ion of  the semibatch cycle.  Table 6 g ives expressions 
for  the res idence t ime d is t r ibut ion and the res idence t ime f requency 
dur ing the batch,  empty ing,  and down f ract ions of  the semibatch cyc le.  
These res idence t ime funct ions are d iscont inuous at  values of  res idence 
Vv* "J: 
t ime;  9 '  ^  for  which the funct ion Q,^/ \ /  is  d iscont inuous.  
F igure 12 shows a p lot  of  the res idence t ime f requency funct ion for  
an absolute t ime,  8^,  which corresponds to the end of  a semibaich cyc le.  
The t ime,  9^,  is  assumed large enough so that  the average res idence t ime 
is  a s teady per iodic funct ion of  real  t ime.  The tota l  area under the 
curve is  uni ty .  i f  the maximum residence t ime is  f in i te,  the f requency 
funct ion at  the point  where res idence t ime is  equal  to  real  t ime is  g iven 
by the Dirac del ta funct ion,  def ined by 
Table 5* Equat ions for  res idence t ime d is t r ibut ion and f requency funct ions for  any real  t ime 





Dist r ibut ion Funct ion 
S ( 8 , 9 ' )  
Res i  dence Ti  me 
Frequency Funct ion 
g(0,8 ' )  
O S S '  ^ 3 - 0  
"o + SfF(»-«o-e ' )  fF 
\ " %'fF 
n-  I  
• 9  g  9 '  6  9 - 9  +  $  -  £  
o o F F 
"o + 1'fF ("-«o' 
(S-^o)  -  $p ^  0 '  
^  (G-Gg) + 5p 
9^+( j - l  )  £0 '  
®-®0 + jSf  -
"o^"o + tp-g ' ) )  
"o + <F 
»fF 
+ i fF 
ON 
V-O 
G'-O + - ^f- < G ' 
o r  r  
^  9-2o + J^  
{\iy (v ;  + o- fF^Q-y jSp -  8 ' ) )  
V'o +  (G-Go) 
(<>" '  I f  F 
+ OfF (G-^o)  
a '  = 0 
\  * ®fF ' " " 'c '  
6 ( 9 - 8  )  
Table 6.  Equat ions for  the res idence t ime d is t r ibut ion and f requency funct ions for  any real  t ime 
dur ing the batch,  empty ing,  or  down f ract ions of  the semi batch cycle 
Cycl  e  
Res i  dence Time 
Res i  dence T i  me 
Dist r ibut ion Funct ion 
S(9,0 ' )  
Residence Time 
Frequency Funct ion 
g ( 0 , 0 - )  
" 
0 ^ 9 '  ^  -
9 - 9 ^  <  G '  g 0-0p + Sp, V  + Q.,  (0-0 + $ -  9 ' )  
o T r r r fF 
n-  1 "<v 
0-0 + $ <;  0  '  <" Q"Q + § 
F T F "P 
9-0 +c s  0 '  < 0-0 +6 +5 V 
"o ^ fF 
n- j  
9-0p +( j -1)  *p + Sp 3  9 '  
^  9-0 + j  5 
9-0 P+j  $p & 9 '  < 0-0|_+j  ?p+5j .  (Vg^j  (V^+' i^ j - (0-0p+j  5p+$p-0 ' ) )  (v;) OfF 
9 '  = 0 6 ( 8 '  -  8 )  
Figure 12.  Residence t ime f requency funct ion for  semi batch 
operat ion of  the s t i r red tank reactor  
th is  f igure g ives the res idence t ime f requency 
funct ion at  a real  t ime corresponding to the end 
of  the semi batch cycle where n approacnes in f in i ty  
semibatch cyc le parameters:  V = 0.2,  a  = 0.5,  
O D 
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o 9 V 0 
6 ( 0 ' - 0 )  = (Eq. 52) 
m  0 '  =  a  
The a r e a  u n d e r  the res idence t ime frequency function curve at residence 
t ime 0 '  = 0 is  g iven by 
CO 
r  6 ( 8 ' - 9 ) K ) "  d 9 '  =  ( V % ) "  .  ( E q .  5 3 )  
J g O O 
Figure 13 shows a p lot  of  the average residence time of material in 
the SIR during semi batch operation versus real t ime. Figure 13 shows that 
the average residence time goes through a transient at small values of 
real time. The smooth curve in Figure 13 gives the average residence 
t ime of tracer material in a CSTR where real time and residence time are 
measured from the instant when tracer material is introduced into the re­
actor as a step change in concentration. The residence time frequency 
funct ion for  the CSTR is  g iven by 
- 0  '  
e d > ^  9  
a { 9 , 9 ' )  = . (Eq. 54) 
0  9 ' > 9  
As real  t ime approaches in f in i ty ,  the average residence time of tracer 
material in the CSTR approaches unity. As the minimum volume is increased 
toward the maximum volume, the average residence time curve shown in 
Figure 13 for semi batch operation of the STR will approach the average 
res idence t ime curve shown for  the CSTR. 
An average res idence t ime funct ion which is independent of real time 
may be defined for semi continuous or semibatch operation of the STR. This 
is called the flow average residence time for material discharged from the 
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Figure 13.  Average res idence t ime of  mater ia l  in  the 
semi batch operated s t i r red tank reactor  
versus real  t ime 
semi batch cycle parameters;  V^"  = 0.2,  = 0.5,  
= 0.25,  i '  =  1.0 
curve A -  average res idence t ime In the reference 
cont inuous s t i r red tank reactor  
curve B -  average res idence t ime dur ing semi batch 
operat ion of  the s t i r red tank reactor  
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r  Ci ' \ (o)de 
r  oTdo 
^p- i  
(Eq. 55) 
where the real  t ime,  9,  is  large enough so that  T(0 )  in  Equat ion 5 '  is  a 
s teady per iodic funct ion.  
The f low average res idence t ime,  ,  from Equat ion 55 may be s imply 
expressed as a funct ion of  the semibatch cycle parameters for  semibatch 
operat ion of  the SIR.  The expression is  
— _ 1 
~ ï  
(-F '^E) (Eq.  5 6 )  
Equat ion 56 is  most  d i rect ly  obta ined by the fo l lowing steps:  
1 )  Evaluate 7(0)  in  Equat ion 5 '  at  a t ime 0^ approaching 
in f in i ty  where 7(8)  is  a s teady per iodic funct ion.  The 
resul t  is  
I P! ; ( ' p )  =  (Eq. 57) 
2) In  the t ime interval  J  0^ the average res idence t ime,  
T(J) ,  increases at  the same rate as real  t ime,  s ince f resh 
feed is  not  being int roduced in to the reactor .  Therefore 
t( J)  may be expressed in  t l ie  in terval  J  ^0^ by 
r (U) -  ; l  'p)  
• F  
(Eq.  58)  
3 )  S u b s t i t u t i o n  o f  E q u a t i o n  5 8  i n t o  E q u a t i o n  55 and in tegrat ion 
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over the t ime in terval  for  empty ing the reactor  resul ts  in  
Equat ion 56 above.  
Evaluat ion of  Equat ion 56 for  the semibatch cycle of  F igure 13 g ives 
a value for  the f low average res idence t ime,  T ,  equal  to  0.8.  This means 
that  the mater ia l  d ischarged f rom the reactor  dur ing the empty ing f ract ion 
of  the semibatch cycle was in  the reactor  for  an average t ime equal  to  
80 percent  of  the res idence t ime for  mater ia l  in  the reference CSTR. 
As the minimum volume increases toward the maximur volume the f low 
average res idence t ime,  T ,  for  semi cont inuous or  semibatch operat ion 
approaches uni ty .  Equat ion 56 shows that  th is  re lat ionship is  l inear for  
the case of  semibatch operat ion of  the STR. F igure 14 is  a p lot  of  the 
f low average res idence t ime,  T ,  as a funct ion of  minimum volume for  semi-
batch operat ion of  the STR. Thus,  i t  may be expected that  the performance 
of  the semibatch operated STR wi l l  approach the performance of  the CSTR 
as the minimum volume for  semi cont inuous or  semibatch operat ion approaches 
the maximum volume of  the CSTR. 
An obvious observat ion f rom the resul ts  shown for  the d imensionless 
f low average res idence t ime,  T ,  and the d imensionless average res idence 
t ime,  T (0) ,  is  that  thei r  upper bound is  uni ty .  In tu i t ive ly ,  th is  must  
be the case,  s ince the throughput  of  mater ia l  per  cyc le for  semicont lnuous 
operat ion of  the STR is  the same as the throughput  In  the reference CSTR 
and the average volume per  cyc le for  semi cont inuous operat ion of  the STR 
is  less than the volume of  the reference CSTR. 
Isothermal  
Resul ts  for  re lat ive y ie ld and re lat ive throughput  have been 
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Figure  ]4 .  F low average res idence t ime o f  mater ia l  d ischarged 
f rom the semi  ba tch  opera ted s t i r red  tank reactor  
dur ing  one s teady per iod ic  semi  ba tch  cyc le  versus 
min imum vo lume 
f i xed semi  ba tch  cyc le  parameters ;  Og =  0.5 
ef j .  =  =  0 .25,  Y =  1 .0  
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determined fo r  the  iso thermal  case o f  semi  cont inuous opera t ion  o f  the  STR 
fo r  var ious  react ion  k ine t ics .  These resu l ts  are  d iscussed be low fo r  the  
var ious  k ine t ics .  
F i rs t  order  react ions  Concent ra t ion  pro f i les  were determined fo r  
semi  cont inuous opera t ion  o f  the  STR fo r  d i f fe rent  feed f low ra te  and d is ­
charge f low ra te  funct ions  in  the semi  cont inuous cyc le .  The concent ra­
t ion  pro f i les  and the  cor respond ing semi  cont inuous cyc les  were obta ined 
by  an ana log computer  s imula t ion  o f  the  reactor  sys tem and are  shown in  
F igures  15;  l6 ;  and 17.  F igure  17 shows the  spec ia l  case o f  semi  cont inu­
ous opera t ion ,  namely ,  semi  ba tch  opera t ion ,  tha t  i s  s tud ied in  deta i l .  
The feed and d ischarge f low ra te  pro f i les  are  d i f fe rent  fo r  each f igure  
as  ind ica ted ,  and the  resu l t ing  concent ra t ion  p ro f i les  serve  to  show the  
e f fec t  o f  chang ing the  f low pro f i les .  
F igure  15  shows  an  example  o f  a  CSTR w i th  a constant  feed ra te  and 
a  var iab le  d ischarge ra te .  By inspect ion  i t  is  c lear  tha t  the  f low 
average convers ion uT i tac tan i :  in  the d ischarge s t ream is  less  fo r  semi -
cont inuous opera t ion  o f  the  STR than in  the re ference CSTR.  Thus the  
re la t ive  y ie ld  o f  product  i s  less  than un i ty .  I t  was found tha t  fo r  any 
semi  ba tch  cyc le  fo r  wh ich the  reactor  i s  fed  or  d ischarged a t  a  constant  
cont inuous ra te ,  the  re la t ive  y ie ld  is  less  than un i ty .  Th is  i s  expected 
s ince the average va lue o f  the  res idence t ime is  less  than the  res idence 
t ime in  the re ference CSTR.  
A  compdf ison  o f  F igu res  l 6  and  17  shows tha t  the  presence o f  a  feed 
and d ischarge s t ream throughout  the  semi  cont inuous cyc le  resu l ts  in  a  
b i i id l l c t  (c la t lv t  y ie ld  than tha t  obta ined when a l l  the  feed i s  charged to  
Figure  15.  Y ie ld  decrease by  semi  cont inuous opera t ion  o f  the  
s t i  r red  tank reactor  
semicont inuous cyc le  parameter :  =  0 . 2 ,  Cp =  =  0 .5 ,  
Q. fg  =  Qp =  CTg =  0 ,  0^2 ~  I 'O,  ^  =  1 .0  
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Figure  16.  Y ie ld  decrease by  semi  cont inuous opera t ion  
o f  the  s t i r red  tank reactor  
semi  cont inuous cyc le  parameters :  =  0 .2 ,  
(tj- = = 0.5, og = o-fb " = 0.0, = op = 0.5, 
Y =  1 .0  
























Figure  17.  Y ie ld  increase by  semi  ba tch  opera t ion  o f  the  
s t i r red  tank reactor  
semi  ba tch  cyc le  parameters :  =  0 .2 ,  CTp =  =  0 .5 ,  
a  =  0 . 0 ,  Y  =  1 . 0  
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the  reactor  dur ing  the f i l l ing  f rac t ion  and a l l  the  product  i s  d ischarged 
f rom the reactor  dur ing  the empty ing f rac t ion  o f  the  semi  cont inuous cyc le .  
The re la t ive  y ie ld  is  greater  fo r  the  semi  cont inuous cyc le  o f  F igure  17 
than fo r  the  semi  cont inuous cyc le  o f  F igure  16.  In  fac t ,  re la t ive  y ie ld  
i s  g r e a t e r  t h a n  u n i t y  f o r  t h e  c a s e  s h o w n  i n  F i g u r e  I 7 .  
Since the re la t ive  y ie ld  is  greater  in  the STR us ing the spec ia l  
case o f  semi  cont inuous opera t ion  ca l led  semi  ba tch  opera t ion ,  the  re la t ive  
y ie ld  and re la t ive  throughput  by  semi  ba tch  opera t ion  are  s tud ied in  deta i l .  
An ana ly t ica l  express ion can be determined fo r  re la t ive  y ie ld  and re la t ive  
throughput  fo r  semi  ba tch  opera t ion  o f  the  STR.  The sys tem o f  equat ions  
cons is t  o f  the  d imens ion less  genera l  equat ion  fo r  concent ra t ion  in  the 
STR g iven by  Equat ion  8 ,  the  equat ions  descr ib ing  the semi  ba tch cyc le  
g iven in  Tab le  4 ,  and the  def in i t ions  o f  re la t ive  y ie ld  and re la t ive  
throughput  g iven by  Equat ion  12 and Equat ion  14 respect ive ly .  
Re la t ive  y ie ld  o f  product  may be expressed as a  func t ion  o f  the  f i ve  
parameters  shown in  Equat ion  59 be low.  
T1 =  T1(V^,  Op,  Gg,  Cg,  P)  (Eq.  59)  
Equat ion  59 ' s  ar r ived a t  by  cons ider ing  the fo l lowing.  
1)  the  func t ion  \ i  /Q,^  i s  determined as a  func t ion  o f  the  param­
e ters  shown in  Equat ion  48 
2)  the  re la t ive  throughput  in  Equat ion  48 i s  se t  equa l  to  un i ty  
due to  the de f in i t ion  o f  re la t ive  y ie ld  
3)  the  concent ra t ion  p ro f i le  fo r  a  g iven semi  ba tch  opera t ion  
can be determined by  spec i fy ing  the re la t ive  ra te  constant ,  
P ,  in  Equat ion  8 .  
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Rela t ive  throughput  may be expressed as a  func t ion  o f  the  f i ve  param­
e ters  shown in  Equat ion  60 be low.  
Y= Y(V* ,  Op,  Og,  Gg,  "Xa)  (Eq-  GO) 
Equat ion  60 is  ar r ived a t  by  cons ider ing  the fo l lowing;  
1)  when i s  spec i f ied ,  P i s  determined in  Equat ion  8  
2)  the  re la t ive  y ie ld  must  be equa l  to  un i ty  by  the  de f in i t ion  
o f  re la t ive  throughput .  
3 )  the  re la t ive  throughput  i s  determined by  so lv ing  s imul ­
taneous ly  Equat ion  8 ,  Equat ion  12 w i th  re la t ive  y ie ld  se t  
equa l  to  un i ty ,  and Equat ion  48.  
The so lu t ions  to  the sys tem o f  equat ions  fo r  re la t ive  y ie ld  and 
re la t ive  throughput  a re  g iven respect ive ly  by  




exp[ -Pgg( l -Vg) ]  ( l -exp[ -Pg j - (1-V^)  ] )  (1-expT-Pg^ (1-V^)  ]  
P^Op (1-Vg)  ( l -V^  expr -P( l -V^) ] )  
Y =  
O p  ( l -V^)  ( l -V^  exp ^0^  
(Eq.  61)  
1 / 2  
(1 -X^)  Y 
exp 
( I - \ )Y  
(1-a .p  -Ve " - " o '  
( i -Xa)  Y J  ( I -X^)  Y 
(Eq.  62)  
Equat ion  6 l  g ives  re la t ive  y ie ld  exp l ic i t l y .  Re la t ive  throughput  i s  
imp l ic i t  in  Equat ion  62.  Equat ion  62 i s  a  t ranscendenta l  equat ion  and 
cannot  be so lved exp l ic i t l y  fo r  re la t ive  throughput .  Re la t ive  y ie ld  and 
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re la t ive  throughput  in  Equat ions  6l and 62 are g iven w i th  respect  to  the  
same re ference CSTR in  which the  re la t ive  ra te  constant ,  P ,  and the  f low 
average convers ion o f  A,  a re  re la ted by 
X^=P/ (1+P) .  (Eq.  63)  
When the  re la t ive  y ie ld  is  known as a  func t ion  o f  the  re la t ive  ra te  con­
s tant  in  Equat ion  6 l ,  then the re la t ive  throughput  fo r  the  same semi  ba tch  
cyc le  i s  a lso  determined as a  func t ion  o f  the  f low average convers ion o f  
A g iven by  
\  (Eq.  64)  
The re la t ive  throughput  a t  the  convers ion o f  A g iven by  Equat ion  64 i s  
determined as a  func t ion  o f  re la t ive  y ie ld  by  the  app l ica t ion  o f  Equat ions  
16 and 18.  The resu l t  i s  
F igure  18 shows p lo ts  o f  re la t ive  y ie ld  versus the  re la t ive  ra te  con­
s tant  fo r  d i f fe rent  semi  ba tch  cyc les .  The resu l ts  in  F igure  18 were ca lcu­
la ted f rom Equat ion  6 l ,  F igure  19 shows p lo ts  o f  re la t ive  throughput  
versus f low average convers ion o f  reactant  A as  determined by  Equat ions  
64 and 65 .  
Ef fec t  o f  re la t ive  ra te  constant  The re la t ive  ra te  constant  i s  
an i  lependent  parameter  in  Equat ion  59 fo r  re la t ive  y ie ld .  I t  is  impor­
tan t  to  note  tha t  the  parameters  fo r  the  semi  ba tch  cyc le  a lone do not  
determine how the  semi  ba tch opera ted STR w i l l  per form wi th  respect  lu  the 
re ference CSTR.  The va lue o f  the  re la t ive  ra te  constant  i s  equa l ly  
Figure  J8o E f fec t  o f  re la t ive  ra te  constant  and batch f rac t ion  on 
re la t ive  y ie ld  by  semi  ba tch  opera t ion  o f  the  iso thermal  
s t i r red  tank reactor  
CONSTANT 
CO 
Figure  19= E f fec t  o f  f low average concent ra t ion  and batch 
f rac t ion  on re la t ive  th roughput  by  semi  ba tch 
opera t ion  o f  the  iso thermal  s t i r red  tank reactor  
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impor tant -  A t  low va lues o f  the  re la t ive  ra te  constant ,  wh ich  cor respond 
to  a  smal l  convers ion o f  reactant ,  the  re la t ive  y ie ld  is  less  than un i ty  
and s teady s ta te  opera t ion  is  pre fer red to  semi  ba tch opera t ion  o f  the  STR.  
As the  re la t ive  ra te  constant  i s  increased the re la t ive  y ie ld  goes th rough 
a  max imum va lue greater  than un i ty  as shown in  F igure  18.  The max imum 
va lue o f  re la t ive  y ie ld  and the  cor respond ing reactant  convers ions in  
F igure  18 fo r  the  semibatch cyc le  w i th  c^= 1 .0  and =  0  are  
T|  =  1 .3  a t  P =  1 .8  
=  0 .644 in  the re ference CSTR 
=  0 .834 in  the semibatch opera ted STR 
Thus the  max imum increase in  y ie ld  fo r  th is  case o f  semibatch opera t ion  
is  th i  r ty  percent .  
From Equat ion  6 l  i t  can be shown tha t  
pTco =  1 .0  (Eq.  66)  
pi^O ^ = "o - 3 "7 * i + 'E + 'f) 67) 
For  the  semibatch cyc les  shown in  F igure  18,  Equat ion  67 reduces to  
pITo ^ + Cp (Eq. 68) 
Ef fec t  o f  f low average reactant  convers ion The f low average 
r e actant  convers ion is  an independent  parameter  in  Equat ion  60 fo r  re la ­
t i ve  throughput .  The re la t ive  throughput  i s  a  monoton ie  increas ing 
func t ion  o f  the  f low average convers ion o f  reactant  as  shown in  F igure  19-
At  h igh va lues o f  f low average reactant  convers ion the re la t ive  throughput  
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i s  greater  than un i ty  and semi  ba tch  opera t ion  o f  the  STR i s  pre fer red to  
the  CSTR.  
The va lues o f  re la t ive  throughput  a t  zero  and 100% convers ion are  
g iven by  
VZ 1 (Eq.  69)  
A a I  
J/2 0 '  ' "o - 3 " i H-v'o) (2% + 'E + "F' 7°) 
For  the  semi  ba tch  cyc les  shown in  F igure  19;  Equat ion  70 reduces to  
2 ' "^  Y =  ! j  +  Cfp (Eq.  71 )  
V "  
These l im i t ing  va lues o f  re la t ive  throughput  are  eva luated us ing Equat ion  
65 and not i  ng tha t  
1 im Y =  1 im Y 
1 P -  ^  
(Eq.  72)  
2 ' "  '  = (Eq.  73)  
X 0  P-  0  
Ef fec t  o f  semibatch cyc le  parameters  The e f fec t  on re la t ive  
y ie ld  o f  the  parameters  wh ich  determine the semibatch cyc le  are  d iscussed 
be low.  I t  can be deduced f rom Equat ion  65 tha t  a  change in  the re la t ive  
y ie ld  w i l l  change the  re la t ive  throughput  in  the same d i rec t ion .  There­
fo re ,  the  d i rec t ion  o f  the  change in  re la t ive  throughput  i s  known fo r  a  
change in  a semibatch cyc le  parameter .  
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Ef fec t  o f  batch f rac t ion  F igure  18 shows tha t  the  upper  
bound o f  re la t ive  y ie ld  w i th  respect  to  the batch f rac t ion ,  ag,  i s  ach ieved 
when Og i s  equa l  to  un i ty .  Th is  cor responds to  ins tantaneous f i l l ing  and 
empty ing o f  the  reactor ,  and the  semi  ba tch-opera ted STR becomes s imply  a  
batch reactor  fo r  each semibatch cyc le .  The in i t ia l  concent ra t ion  in  the 
batch reactor  i s  equa l  to  the vo lument r ic  average o f  the  f resh feed 
charged to  the reactor  and the  concent ra t ion  o f  the  mater ia l  remain ing in  
the reactor  f rom the prev ious cyc le .  Th is  i s  due to  the assumpt ion o f  
per fec t  mix ing.  An express ion fo r  the upper  bound o f  re la t ive  y ie ld  w i th  
respect  to  the batch f rac t ion  is  obta ined by  tak ing the l im i t  in  Equat ion  
6 ]  as  shown be low.  
1 im T] = [ -^ ] 
( l -VQ)exp[ -P( ] -VQ) ]  
1-Vg exp [ -P  { ]  - \ l ]  
(Eq.  74)  
E f fec t  o f  min imum vo lume From Equat ion  61 i t  is  found 
tha t  
and 
n (v ;  =  0)  =  [  ]  
[exp( -Pog)  [ l -exp( -Pop)  ]  r i -exp( -Pa^)  1  
1 i  m T|  =  1  
P Op Gp 
(Eq,  75)  
(Eq. 76) 
V -  1 
o  
As the  min imum vo lume,  V^ ,  approaches un i ty ,  the  t ime per iod  fo r  a  semi -
batch cyc le  decreases un t i l  a t  =  1 ,  the  semibatch cyc le  has d isappeared 
and t f ie  per formance o f  the  CSTR i s  rea l ized.  
D i f fe rent ia t ion  o f  Equat ion  61 shows tha t  T,  (V^  -  1 )  -  1 as  g iven by  
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Equat ion  76 i s  e i ther  a  max imum or  min imum,  s ince the equat ion  




i s  sa t is f ied  on ly  a t  V =  1 in  the in terva l  0  ^  V ^1 .  There fore ,  re la -
o  0  
t i ve  y ie ld  is  e i ther  a  monoton ie  increas ing or  monoton ie  decreas ing 
func t ion  o f  the  min imum vo lume in  the in terva l  0  i \ l  ^  1.  Th is  leads to  
o  
the fo l lowing two resu l ts ;  
1)  i f  Tl ( \ / ^ )  >  1 fo r  some semi  ba tch  opera t ions ,  then the  re la t ive  
y ie ld  w i l l  be a  max imum w i th  respect  to  min imum vo lume a t  
yV 
V  =  0 .  
o  
2)  I f  T l fV^)  <  1 fo r  some semi  ba tch  opera t ion ,  then the re la-
* 
t i ve  y ie ld  w i l l  have the  max imum va lue o f  un i ty  a t  V =1  
' ' 0 
fo r  wh ich  the  semi  ba tch  cyc le  has d isappeared and the  
per formance o f  the  CSTR i s  rea l ized.  
E f fec t  o f  unequa l  f i l l ing  and empty i  ng  t imes I f  the sum 
o f  the  f i l l ing  and empty ing f rac t ions  o f  the  semi  ba tch  cyc le ,  +  a^ ,  i s  
he ld  constant ,  then i t  is  read i ly  seen in  Equat ion  61 tha t  the  re la t ive  
y ie ld  is  symmetr ic  w i th  respect  to  the f i l l ing  and empty ing f rac t ions .  
Fur thermore,  the  re la t ive  y ie ld  is  a  max imum w i th  respect  to  the f i l l ing  
and empty ing f rac t ions  o f  the  semi  ba tch  cyc le  when the  f i l l ing  f rac t ion  is  
equa l  to  the  empty ing f rac t ion .  
The opt imal  semi  ba tch  cyc le  The opt imal  semibatch cyc le  i s  
def ined as the  semibatch cyc le  wh ich a f fo rds  a max imum re la t ive  y ie ld  or  
re la t ive  throughput  w i th  respect  to  the semibatch cyc le  parameters .  The 
above d iscuss ion on the  e f fec ts  o f  the  semibatch cyc le  parameters  on 
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re la t ive  y ie ld  and re la t ive  throughput  lead to  the fo l lowing spec i f i ca t ions  
fo r  the  opt imal  semi  ba tch  cyc le .  
1)  the  min imum vo lume,  i s  equa l  to  zero .  
2)  the  batch f rac t ion ,  i s  as la rge as poss ib le .  A ba tch 
f rac t ion  equa l  to  un i ty  requ i res  ins tantaneous f i l l ing  and 
empty ing and cannot  be ach ieved in  any rea l  reac tor .  
3)  the  f i l l ing  f rac t ion ,  jp ,  i s  equa l  to  the empty ing 
f rac t ion ,  
4)  the  down t ime is  zero .  
The respect ive  equat ions  fo r  the  opt imal  re lL i i ve  y ie ld  as a  func t ion  
o f  re la t ive  ra te  constant  and the  opt imal  re la t ive  throughput  as  a  func t ion  
o f  f low average convers ion o f  reactant  are  
(Tl) 
OPTIMAL 
1 +  P 
1 -
( I -exp[ -P9p] )  exp[ -P9g]  




-  » ,  1  
.  (I-X j ) *  .  
1- exp 
1 1 (Eq .  79)  
The upper  bounds fo r  the  re la t ive  y ie ld  and re la t ive  throughput  w i th  
respect  to  the opt imal  semi  ba tch  cyc le  occur  when the  batch f rac t ion ,  a^ ,  
o f  the  semi  ba tch  cyc le  i s  equa l  to  un i ty .  The equat ions  fo r  the  upper  
bound o f  re la t ive  y ie ld  as a  func t ion  o f  the  re la t ive  ra te  constant  and 
the  upper  bound o f  re la t ive  throughput  as  a  func t ion  o f  f low average 
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convers ion o f  reactant  are  g iven respect ive ly  by  
(11) UPPER " exp[-P] (Eq. 80) 
BOUND 
x / ( i -x . )  
c / c - V )  
When the  batch f rac t ion  o f  the  semi  ba tch  cyc le  is  un i ty  and the  min i ­
mum vo lume,  i s  equa l  to  zero ,  the  reactor  i s  opera t ing  as a  ba tch re­
ac tor  w i th  ins tantaneous f i l l ing  and empty ing or  equ iva lent ly  as  a  cont inu­
ous p lug f low reactor  w i th  the same res idence t ime.  The upper  bound o f  
re la t ive  y ie ld  expressed by  Equat ion  80 g ives  the  ra t io  o f  p lug f low re­
actor  convers ion to  s teady s ta te  CSTR convers ion fo r  the  same res idence 
t ime and feed cond i t ions .  The upper  bound o f  re la t ive  throughput  ex­
pressed by  Equat ion  81 g ives  the  ra t io  o f  the  s teady s ta te  CSTR res idence 
t ime to  the p lug f low reactor  res idence t ime fo r  the  same convers ion and 
feed cond i  t ions .  
Genera l  charac ter is  t i  cs  o f  semi  ba tch  opera t i  on  The genera l  
charac ter is t ics  o f  the  semi  ba tch  opera t ion  o f  the  STR wh ich  may be used to  
exp la in  why i t  is  poss ib le  to  obta in  a  re la t ive  y ie ld  and a  re la t ive  
throughput  g reater  than un i ty  are  determined by  cons ider ing  the 
charac ter is t ics  o f  the  CSTR and the  p lug f low reactor .  In  the p lug f low 
reactor  there  is  no mix ing o f  mater ia l  w i th  d i f fe rent  leve ls  o f  concen­
t ra t ion .  In  the CSTR the  contents  are  comple te ly  mixed so  tha t  the  con­
cent ra t ion  in  the reactor  i s  un i fo rm.  Upon enter ing  the CSTR the  feed con­
cent ra t ion  drops immedia te ly  to  the concent ra t ion  o f  the  rcac tor  contents .  
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These mix ing charac ter is t ics  o f  the  p lug f low reactor  and the  CSTR are  
combined in  the semibatch opera t ion  o f  the  STR.  There fore ,  the  semi  ba tch  
opera t ion  o f  the  STR may be v isua l ized as s imula t ing  a  leve l  o f  mi / . ' ,  ng  
between the  mix ing leve ls  in  the p lug f low reactor  and the  CSTR.  Fur ther ­
more,  the  average react ion  ra te  fo r  a  s ing le  react ion  is  a  max imum in  the 
p lug f low reactor  and a  min imum in  the CSTR fo r  the  iso thermal  case.  Thus 
the  decrease in  mix ing has the  e f fec t  o f  increas ing the average react ion  
ra te  fo r  semibatch opera t ion  o f  the  STR re la t ive  to  the CSTR and a  re la ­
t i ve  y ie ld  and re la t ive  throughput  g reater  than un i ty  may be obta ined.  
I t  is  a lso  seen tha t  fo r  some cases o f  semibatch opera t ion  the re la­
t i ve  y ie ld  and re la t ive  throughput  may be less  than un i ty .  Th is  may be 
exp la ined by  the  fac t  tha t  the  f low average res idence t ime o f  mater ia l  
d ischarged f rom the reactor  per  semibatch cyc le  i s  less  than the res idence 
t ime o f  mater ia ]  leav ing the CSTR.  When the  decrease in  f low average 
res idence t ime more than compensates  fo r  the  increase in  average react ion  
ra te  by  semibatch opera t ion ,  the  re la t ive  y ie ld  and re la t ive  throughput  
obta ined by  semibatch opera t ion  o f  the  STR are  less  than un i ty .  
Revers  ib le  f i rs t  order  react ions  No chemica l  reac t ion  goes to  
comple t ion .  The i r revers ib le  react ion  is  mere ly  a  l im i t  o f  the  rever ­
s ib le  react ion  as the  equ i l ib r ium constant  becomes in f in i te ly  la rge.  The 
iso thermal  revers ib le  react ion  can be t rea ted as an i r revers ib le  react ion  
i f  concent ra t ion  is  measured In  excess o f  the  equ i l ib r ium concent ra t ion .  
Re la t ive  y ie ld  and re la t ive  throughput  were  determined ana ly t ica l ly  
fo r  th is  case fo r  semibatch opera t ion  or  the  STR.  T l ie  sys tem o f  equat ions  
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i s  the  same as fo r  the  case o f  the  f i rs t  order  i r reve;  - ib le  react ion  ex­
cept  tha t  the  react ion  ra te  term and the  re la t ive  ra te  constant  are  modi ­
f ied  as g iven by  Tab le  1 .  The resu l t ing  express ion fo r  re la t ive  y ie ld  o f  
the  product  B i s  g iven by  Equat ion  6 l ,  w i th  P as de f ined in  Tab le  1 .  The 
resu l t ing  express ion fo r  re la t ive  throughput  i s  g iven by  Equat ion  62 w i th  
rep laced by  where i s  the  equ i l ib r ium convers ion o f  reactant  
A.  Thus the  form o f  the  ana ly t ica l  express ions fo r  re la t ive  y ie ld  and 
re la t ive  throughput  i s  the  same fo r  the  revers ib le  and i r revers ib le  case 
o f  the  f i rs t  order  react ion  in  the semi  ba tch  opera ted STR.  F igure  18 fo r  
re la t ive  y ie ld  w i th  P def ined in  Tab le  1 and F igure  19 fo r  re la t ive  
throughput  w i th  rep laced by  X^ /X^^  are  cor rec t  fo r  the  revers ib le  f i rs t  
order  reac t ion .  
i t  fo l lows that  the  same semi  ba tch  cyc le  is  opt imal  fo r  both  the  
revers ib le  and i r revers ib le  f i rs t  order  react ion  in  the iso thermal  STR.  
Second order  react ions  Larger  va lues o f  re la t ive  y ie ld  and re la ­
t i ve  throughput  are  a t ta ined when the  react ion  i s  second order  than when 
the  react ion  is  f i rs t  order .  I t  is  we l l  known tha t  fo r  a  g iven reactor  
vo lume and convers ion the  ra t io  o f  th roughput  in  the p lug f low reactor  
to  throughput  in  the CSTR i s  a lways greater  than un i ty  fo r  react ions  o f  
order  greater  than zero ,  and tha t  th is  ra t io  increases w i th  increas ing 
react ion  order .  There fore ,  s ince the p lug f low reactor  g ives  the upper  
bounds o f  re la t ive  y ie ld  and re la t ive  throughput  by  semi  ba tch  opera t ion  
fo r  the  f i rs t  order  reac t ion ,  i t  is  reasonab le  to  assume the same to  be 
t rue  fo r  second order  reac t ions ,  or  more genera l ly  fo r  react ions  o f  
a rb i t ra ry  pos i t i ve  order .  The express ions fo r  the  upper  bounds o f  re la t ive  
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y ie ld  and re la t ive  throughput  fo r  the  second order  react ion  o f  Tab le  1  a re  
then g iven respect ive ly  by  
2p2 
(TL)  =  ;  (Eq.  82)  
UPPER ( l+P ) r (2P+l ) -  V  4P+1 ]  
BOUND 
WuppER= (Eq.83)  
BOUND 
The genera l  equat ion  fo r  concent ra t ion  in  the STR i s  non l inear  and 
probab ly  cannot  be so lved ana ly t ica l ly .  There fore ,  an ana ly t ica l  ex­
press ion fo r  re la t ive  y ie ld  and re la t ive  throughput  fo r  semibatch opera­
t ion  cannot  be obta ined.  An ana log computer  s imula t ion  o f  semibatch opera­
t ion  o f  the  STR was used to  determine re la t ive  y ie ld  and re la t ive  through­
put .  
F igure  20 and F igure  21 show resu l ts  obta ined fo r  re la t ive  y ie ld  and 
re la t ive  throughput  respect ive ly  fo r  semibatch opera t ion  o f  the  STR fo r  
second order  react ions .  Any semibatch opera t ion  which has the  batch 
f rac t ion  equa l  to  the  f i l l ing  f rac t ion ,  the  min imum vo lume equa l  to  10 
percent  o f  the  max imum vo lume,  and the  down t ime equa l  to  zero ,  w i l l  g ive  
va lues o f  re la t ive  y ie ld  and re la t ive  throughput  between the  upper  and 
lower  curves in  F igures  20 and 21 respect ive ly .  A  compar ison o f  the  re­
su l ts  fo r  f i rs t  order  react ions  and fo r  second order  react ions  shows tha t  
la rger  va lues o f  re la t ive  y ie ld  and re la t ive  throughput  a re  obta inab le  by  
semibatch opera t ion  fo r  the  case o f  second order  react ions .  
S ing le  react ions  o f  a rb i t ra ry  pos i t i ve  order  S imi la r  to  the 
s ta tement  fo r  second order  react ions ,  i t  is  reasonab le  to  assume tha t  
F i g u r e  2 0 »  L i m i t i n g  c a s e s  o f  r e l a t i v e  y i e l d  b y  s e m i b a t c h  o p e r a t i o n  o f  t h e  s t i r r e d  
t a n k  r e a c t o r  w i t h  s e c o n d  o r d e r  k i n e t i c s  
C u r v e  A  -  p l u g  f l o w  r e a c t o r  
C u r v e  B  -  s g m i b a t c h  o p e r a t i o n  o f  t h e  s t i r r e d  t a n k  r e a c t o r ,  
=  Oo 1 J  ' j g  =  Od  O j  gp  =  =  Oo  5  
1 . 4  
R E L A T I V E  R A T E  C O N S T A N T ,  P  
Figure  21.  L imi t ing  cases o f  re la t ive  throughput  by  
semi  ba tch  opera t ion  o f  the  s t i r red  tank reactor  
w i th  second order  k ine t ics  
Curve A -  p lug f low reactor  
Curve B -  semi  ba tch  opera t ion  o f  the  s t i r red  
tank reactor .  =  0 .1 ,  =  0 .0 ,  
Cp =  Cg =  0 .5  
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re la t ive  y ie ld  and re la t ive  throughput  w i l l  increase w i th  increas ing re­
ac t ion  order  and tha t  the  p lug f low reactor ,  wh ich  i s  a  l im i t ing  case o f  
semi  ba tch  opera t ion  o f  the  STR,  w i l l  g ive  the upper  bounds fo r  re la t ive  
y ie ld  and re la t ive  throughput  by  semi  ba tch  opera t ion  o f  the  STR fo r  re ­
ac t ions  o f  a rb i t ra ry  pos i t i ve  order .  Fur thermore,  i t  is  reasonab le  to  
assume tha t  two semi  ba tch  cyc le  parameters ,  namely ,  min imum vo lume,  V^ ,  
and batch f rac t ion ,  a^ ,  w i l l  have qua l i ta t ive ly  the  same e f fec ts  on re la­
t i ve  y ie ld  and re la t ive  throughput  fo r  a l l  react ions  o f  pos i t i ve  order .  
These assumpt ions are  based on knowledge o f  the  per formance o f  the  p lug 
f low reactor  re la t ive  to  the CSTR.  However ,  these jssumpt ions have not  
been ver i f ied .  
For  the  case o f  f i rs t  order  react ions  the re la t ive  y ie ld  and re la ­
t i ve  throughput  are  max imized w i th  respect  to  the f i l l ing  and empty ing 
f rac t ion  o f  the  semibatch cyc le  when the  f i l l ing  f rac t ion  is  equa l  to  the 
empty ing f rac t ion .  However ,  i t  is  not  reasonab le  to  expect  th is  to  be 
t rue  fo r  react ions  o f  order  o ther  than un i ty ,  s ince the genera l  equa l ion  
fo r  concent ra t ion ,  Equat ion  8 ,  i s  non l inear  fo r  react ions  o f  order  
d i f fe rent  f rom un i ty .  
Van De Vusse react ions  The Van De Vusse react ions  are  shown in  
Tab le  I .  They fo rm a s imple  example  o f  a  reac t ion  sys tem composed o f  
both  consecut ive  and h igher  order  s ide  react ions  (32) .  
When consecut ive  react ions  w i th  h igher  order  s ide  react ions  occur  in  
a  reactor ,  the  y ie ld  o f  the  des i red in termedia te  product  i s  great ly  in ­
f luenced by  the mix ing leve l  in  the reactor .  In  the case o f  consecut ive  
react ions  the p lug f low reactor ,  in  which there  is  no mix ing or  reacLants  
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of  d i f fe rent  concent ra t ions ,  w i l l  produce a  greater  y ie ld  o f  in termedia te  
product  than w i l l  the  CSTR,  in  which the  max imum mix ing o f  reactants  
occurs  in  order  to  produce a  un i fo rm concent ra t ion  w i th in  the CSTR.  In  
the case o f  para l le l  react ions  where the  undes i red s ide  react ions  are  o f  
h igher  order ,  the  CSTR w i l l  produce a  greater  y ie ld  o f  the  des i red product .  
When bo th  consecut ive  and h igher  order  s ide  react ions  are  occur r ing ,  the  
cho ice  o f  a  reac tor  type is  governed by  the  re la t ive  va lues o f  the  re­
ac t ion  ra te  constants  and reactant  concent ra t ions ,  and in  some cases a  
leve l  o f  mix ing between the CSTR and the  p lug f low reac tor  wi l l  g ive  the 
max imum y ie ld  o f  the  des i red in termedia te  product .  
Semi  ba tch  opera t ion  o f  the  STR may be v isua l ized as a  s imula t ion  o f  
a  leve l  o f  mix ing between the  CSTR and the  p lug f low reactor .  Thus,  semi -
batch opera t ion  o f  a  STR may resu l t  in  a  y ie ld  o f  des i red in termedia te  
product  wh ich  i s  greater  than the CSTR y ie ld .  Fur thermore,  the  y ie ld  by  
semi  ba tch  opera t ion  may be greater  than the y ie ld  o f  e i ther  the CSTR o r  
p lug f low reactor  fo r  some va lues o f  the  react ion  parameters  fo r  sys tems 
o f  consecut ive  react ions  w i th  h igher  order  s ide  react ions .  
For  the  Van De Vusse react ion  scheme i t  was there fore  invest iga ted 
whether ,  in  fac t ,  the  y ie ld ,  (C 'g) ,  o f  the  des i red in termedia te  cou ld  be in ­
creased by  semi  ba tch  opera t ion  o f  the  STR over  the  y ie ld  obta ined in  the 
CSTR o r  in  the p lug f low reactor .  Y ie ld  o f  the  des i red in termedia te  i s  
def ined as the  f low average d imens ion less  concent ra t ion  o f  the  in ter ­
media te  product  B in  the d ischarge f rom the reactor ,  C^.  Once the  y ie ld ,  
(Cg) ,  i s  known,  re la t ive  y ie ld  i s  s imply  ca lcu la ted fnom Equat ion  12.  
However ,  resu l ts  are  presented here  s imply  as  y ie ld  in  such a  way tha t  
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the  re la t ive  y ie ld  w i th  respect  to  the CSTR o r  the  p lug f low reactor  i s  
read i1  y  apparent .  
The genera l  equat ions  in  d imens ion less  fo rm cannot  be so lved ana­
l y t i ca l ly  to  determine the concent ra t ion  pro f i les  dur ing  semi  ba tch opera­
t ion  o f  the  STR.  The concent ra t ion  pro f i les  dur ing  the semi  ba tch cyc le  
and y ie ld  o f  in termedia te  B were  determined by  numer ica l  so lu t ion  o f  the  
equat ions  us ing the d ig i ta l  computer  and by  s imula t ion  o f  the  process on 
the  ana log computer .  Ana ly t ica l  so lu t ions  fo r  concent ra t ions  in  the CSTR 
are  g iven in  Tab le  2 .  Van De Vusse (32)  g ives  ana ly t ica l  so lu t ions  fo r  
concent ra t ions  in  the p lug f low reactor .  
An ana lys is  o f  the  sys tem o f  equat ions  fo r  semi  ba tch  opera t ion  o f  the  
STR shows tha t  the  f low average concent ra t ion  o f  the  react ion  spec ies  may 
be g iven as a  func t ion  o f  the  parameters  shown in  the fo l lowing equat ions .  
(P ;  Og )  VK^ /K^ )  (Eq .  84a )  
"B "B "B '  "F '  "E '  "o '  "3  'A f / * i '  
C q =  Cg  (P ;  Og^  Op ;  y (Eq .  84c)  
(P,  Og,  Op,  Kg/K, ,  Kg C^f /K, )  (Eq.  84d)  
Some resu l ts  fo r  y ie ld  o f  B, (Cg) ,  by  semibatch opera t ion  o f  the  STR 
are  shown in  F igures  22 and 23.  F igure  22 shows a  case where the  react ion  
ra te  constant  (K^  C^^)  fo r  the  h igher  order  s ide  react ion  is  smal l  com­
pared to  the react ion  ra te  constant  (Kg)  fo r  the  degradat ion  o f  B.  The 
resu l t  i s  tha t  the  y ie ld  o f  B, (Cg) ,  may be greater  fo r  see:batch opera t ion  
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F igure  22.  Y ie ld  o f  in termedia te  B in  d i f fe rent  reactor  
sys tems w i th  Van De Vusse react ions  versus 
convers ion o f  feed component  
Curve A -  p lug f low reactor  
Curve B and C -  semi  ba tch  opera t ion  o f  t_b,e  
s t i r red  tank reactor .  \ Iq"  = 0 .2  
Curve B -  Og =  0 .75,  Cp =  =  0 .125 
Curve C -  Og =  0 .0 ,  =  0 .5  
Curve D -  cont inuous s t i r red  tank reactor  
Figure  23.  Y ie ld  o f  in termedia te  B in  d i f fe rent  reactor  
sys tems w i th  Van De Vusse react ions  versus 
convers ion o f  feed component  
Curve A -  p lug f low reactor  
Curve B -  semi  ba tch  opera t ion  o f  a  s t i r red  tank 
reactor :  V^"  =  0 .2 ,  o  =  0 .75,  
CTp =0-^  =  0 .125 
Curve C -  cont inuous s t i r red  tank reactor  
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y ie ld  o f  B in  the CSTR= However ,  the  p lug f low reactor  g ives  the upper  
l im i t  o f  y ie ld  o f  B.  F igure  23 shows a  case where the  react ion  ra te  
constant  i s  la rge compared to  Kg.  I t  is  seen in  F igure  23 tha t  
the  max imum y ie ld  o f  B i s  obta ined by  semi  ba tch opera t ion  o f  the  STR.  
A reg ion in  the p lane o f  the  d imens ion less  parameter ,  
versus the  d imens ion less  parameter ,  K^ /K j ,  was determined fo r  which the  
y ie ld  o f  B i s  greater  by  a  par t icu lar  semibatch opera t ion  than in  e i ther  
the  CSTR o r  the  p lug f low reactor .  The par t icu lar  semibatch cyc le  i s  de­
f ined by f i x ing  the semibatch cyc le  parameters  as  g iven be low.  
ag =  0 .75 =  0 .2  
dp =  O-j :  Y  =  1 .  0 
*0  =  O'O 
The resu l t  i s  shown in  F igure  24.  The upper  curve in  F igure  2k  i s  the  
locus o f  po in ts  fo r  wh ich  the  max imum y ie ld  o f  6  i s  thp.  same in  the p lug 
f low reactor  and in  the semibatch opera ted STR.  The lower  curve in  F ig­
ure  2k  i s  the  locus o f  po in ts  fo r  wh ich the  max imum y ie ld  is  the  same in  
the CSTR and in  the semibatch opera ted STR.  For  a l l  po in ts  between the 
upper  and lower  curves the  max imum y ie ld  o f  B i s  greater  in  the semibatch 
opera ted STR than in  e i ther  the  p lug f low reactor  or  in  the CSTR.  Th is  
reg ion is  denoted as Reg ion I I  in  F igure  2k .  The midd le  curve in  F igure  
2k  was obta ined by  Van De Vusse (32)  and i s  the  locus o f  po in ts  For  wh ich  
the  max imum y ie ld  o f  B i s  equa l  in  the p lug f low reactor  and in  the CSTR.  
The upper  and lower  curves in  F igure  2k  were determined f rom p lo ts  o f  
the  max imum y ie ld  o f  B in  the CSTR,  the  p lug f low reactor ,  and the  
Figure  24.  Reg ion o f  max imum y ie ld  o f  B fo r  Van De Vusse react ions  
by  semi  ba tch  opera t ion  o f  the  s t i r red  tank reactor  in  
the (K Kg/K j )  p lane 
Semi  ba tch  cyc le  parameters :  =  0 .75,  a^ .  =  =  0 .125,  
V "  = 0.2 
o 
Region I  -  max imum y ie ld  greates t  in  the p lug f low 
reactor  
Reg ion 11 -  max imum y ie ld  greates t  in  the semi  ba tch  
opera ted s t i r red  tank reactor  
Reg ion I I I  -  maximum y ie ld  greates t  in  the 
cont inuous s t i r red  tank reactor  
Reg ion IV -  max imum y ie ld  greater  in  the p lug f low 
reactor  than in  the cont inuous s t i r red  
tank reactor  
Reg ion V -  max imum y ie ld  greater  in  the 
s t i r red  tank reactor  than in  
f low reactor  
cont  i  nuous 
the  p lug 
10.00 
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semibatch opera ted STR versus the  react ion  parameter  K^C^^/K j .  A p lo t  was 
made fo r  each o f  th ree d i f fe rent  va lues o f  the  react ion  parameter  K^ /K^ .  
F igure  25 shows the  p lo t  fo r  K^/K^  equa l  to  un i ty .  In  F igure  25 the  
in tersect ion  po in t  o f  the  curve fo r  the  p lug f low reactor  and the  curve 
fo r  semi  ba tch opera t ion  o f  the  STR g ives  one po in t  fo r  the  upper  curve in  
F igure  24 where the  max imum y ie ld  o f  B i s  the  same fo r  the  p lug f low re­
ac tor  and fo r  semi  ba tch  opera t ion  o f  the  STR.  S imi la r ly ,  po in ts  fo r  Van 
De Vusse 's  curve and the  lower  curve in  F igure  24 are  obta ined f rom F ig­
ure  25.  
Reg ion 11 in  the (K^C^^/K j ,  K^ /K j )  p lane fo r  wh ich the  max imum y ie ld  
is  greater  in  the semibatch opera ted STR than in  the p lug f low reactor  or  
in  the CSTR w i l l  be d i f fe rent  fo r  each semibatch cyc le  as de f ined by  the  
semibatch cyc le  parameters .  I t  shou ld  be poss ib le  to  determine the semi-
batch cyc le  which w i l l  max imize the  area o f  Reg ion I I .  However ,  th is  has 
no t  been done.  A second prob lem which has no t  been so lved is  the  détermi ­
na L i  on  o f  the  semibatch cyc le  wh ich max imizes the  y ie ld  o f  R fo r  va lues o f  
the  react ion  parameters  and K^ /K j  fo r  wh ich the max imum y ie ld  o f  
B may be obta ined by  semibatch opera t ion  o f  the  STR.  
Ad i  abat  i  c  
The semibatch opera t ion  o f  an ad iabat ic  STR was s tud ied us ing the 
k ine t ic  scheme o f  a  s ing le  i r revers ib le  and exothermic  f i rs t  order  re ­
ac t ion .  Some e f fec ts  o f  heat  sens i t i v i ty  on re la t ive  y ie ld  and re la t ive  
throughput  were  determined by  compar ing resu l ts  f rom systems w i th  d i f fe r ­
ent  amounts  o f  heat  sens i t i v i ty .  The re la t ive  y ie ld  and re la t ive  through­
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Figure  25.  Max imum y ie ld  o f  in termedia te  B in  d i f fe rent  
reactor  sys tems w i th  Van De Vusse react ions  
versus the  d imens ion!ess  react ion  parameter  
fo r  the  s ide  react ion  
Curve A -  p lug f low reactor  
Curve B -  semi  ba tch  opera t ion  o f  the  s t i r red  
tank reactor .  '=  0 .2 .  a  =  0 .75 
G  =  c r  =  0 .125 
r  L  
Curve C -  cont inuous s t i r red  tank reactor  
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operat ion ,  namely ,  the  opt imal  ad iabat ic  CSTR and p lug f l ow  reac to r  
combi  na t ion .  
The assumpt ion tha t  the  ra te  constant ,  K ,  cou ld  be  app rox i i i u i t -  i l  a s  
a  l i nea r  f unc t i on  o f  t empe ra tu re  was  used  f o r  mos t  o f  t he  r esu l t s  p re ­
sen ted  he re .  Th i s  i s  a  good  app rox ima t i on  t o  t he  A r rhen ius  equa t i on  l o r  
t he  r a t e  cons tan t  as  a  f unc t i on  o f  t empe ra tu re  on l y  f o r  a  t en i pe raLn i c  
i n t e r va l  i n  wh i ch  t he  range  o f  va l ues  f o r  t he  r a t e  cons tan t  i s  b i i . t  l  î  
Howeve r ,  i t  was  de te rm ined  t ha t  t he  A r rhen ius  t empe ra tu re  f unc t i on  and  
t he  l i nea r  t empe ra tu re  f unc t i on  f o r  t he  r a t e  cons tan t  g i ve  qua l i t a t i ve l y  
t he  same  r esu l t  f o r  t he  e f f ec t  o f  hea t  sens i t i v i t y  on  r e l a t i ve  y i e l d  and  
re la t ive  throughput .  
The sys tem o f  equat ions  fo r  semi  ba tch opera t ion  o f  t he  ad i aba t i c  STR 
a l so  canno t  be  so l ved  ana l y t i ca l l y .  The re fo re ,  t he  p rocess  was  s  i  n . u l  a t c i i  
on  the  ana log computer .  
An ana lys is  o f  the  sys tem o f  equat ions  shows t ha t  t he  r e l a t i ve  y i e l d  
o f  p roduc t  and  r e l a t i ve  t h roughpu t  f o r  sem i  ba t ch  ope ra t i on  a re  de te rm ined  
as  a  f unc t i on  o f  t he  pa rame te r s  shown  i n  Equa t i ons  85  and  86  r espec t i ve l y ,  
when  t he  r a t e  cons tan t  i s  a  l i nea r  f unc t i on  o f  t empe ra tu re .  
When the  ra te  constant  i s  g iven by  the Ar rhen ius  equa t i on  t he  r e l a i i v c  
y i e l d  and  r e l a t i ve  t h roughpu t  a re  a l so  f unc t i ons  o f  t he  i nd i v i dua l  va l ues  
o f  the  parameters  R and L .  
Some representa t ive  p lo ts  obta ined f rom the  ana log  co i i i | ) u t e r  wh i ch  
1 ]  =  T l (RL,  P ,  \ I ^ ,  Og,  Op,  Og)  (Eq.  85)  
Y  =  Y (RL ,  X^ ,  V^ ,  CTg ,  CTp ,  Op )  (Eq .  8 ( )  )  
I l l  
show pro f i les  o f  the  reactor  var iab les  fo r  both  the  semi  ba tch opera t ion  
o f  the  ad iabat ic  STR and the  re ference ad iabat ic  CSTR are  shown in  F igures  
26 to  31 '  In  F igures  26 to  31 the  ra te  constant  i s  a  l inear  func t ion  o f  
temperature  i s  def ined by  Equat ion  11a.  The f low average concent ra t ion  o f  
reactant  A in  the product  s t ream dur ing  s teady per iod ic  opera t ion , (0^1,  
may be determined graph ica l ly  f rom these f igures ,  s ince the concent ra t ion  
pro f i le  is  near ly  l inear  dur ing  the empty ing f rac t ion  o f  the  semi  ba tch  
cyc le .  The re la t ive  y ie ld  o f  product  i s  then ca lcu la ted by  
1 
11  -  ^  (Eq .  87 )  
Once the  re la t ive  y ie ld  is  known,  re la t ive  throughput  i s  ca lcu la ted by  
so lu t ion  o f  Equat ion  18.  
Some e f fec ts  on the  concent ra t ion  pro f i les  fo r  semi  ba tch  opera t ion  
re la t ive  to  the re ference ad iabat ic  CSTR concent ra t ion  due to  chang ing 
the  sys tem parameters  may be determined by  compar ing F igures  26 to  31.  
However ,  the  in terac t ion  e f fec ts  o f  the  d i f fe rent  parameters  on re la t ive  
y ie ld  cannot  be seen in  F igures  26 to  31 -  The ad iabat ic  case i s  much 
more compl ica ted than the iso thermal  case,  and the  re la t ionsh ips  between 
the  semi  ba tch  cyc le  parameters ,  namely ,  V^ , ,  Op,  and Og,  fo i '  re la t ive  
y ie ld  or  re la t ive  throughput  fo r  a  g iven ad iabat ic  sys tem are  not  the  
same as  fo r  the  iso thermal  case.  Ar is  (2)  has shown tha t  fo r  ad iabat ic  
s teady s ta te  opera t ion  the reactor  sys tem which max imizes the  average re­
ac t ion  ra te  w i l l  requ i re  the leas t  res idence t ime to  obta in  a  g iven con­
vers ion fo r  f i xed feed cond i t ions .  F igure  6  shows the  shape o f  the  re­
ac t ion  ra te  curve as a  func t ion  o f  convers ion fo r  an ad iabat ic  sys tem.  
Figure  26.  Y ie ld  increase by  semi  ba tch  opera t ion  o f  the  ad iabat ic  
St i  r red tank reactor  
semi  ba tch  cyc le  parameters :  =  0 . 5 ,  cTg =  0 . 7 5 ,  
Op = =  0 .125,  Y =  1 .0  
re la t ive  y ie ld ;  1]  =  1 .114 
t rans ient  and s teady s ta te  p ro f i l e s  f o r  t he  
re ference ad iabat ic  cont inuous s t i r red  tank  
reactor  
t rans ient  and per iod ic  p ro f i les  f o r  semi  ba tch  
opera t ion  o f  the  ad iabat ic  s t i r r ed  t ank  r eac to r  
DIMENSION LESS CONCENTRATION, C 
O o o o 
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Figure  27.  Y ie ld  increase by  semi  ba tch  opera t ion  o f  t he  
ad iabat ic  s t i r red  tank reactor  
semi  ba tch  cyc le  parameters :  =  0 . 5 ,  ag =  0 .75,  
a^ .  =  =  0 .125 ^  =  1 .0  
re la t ive  y ie ld ;  Tj  =  1 .1  
t rans ient  and s teady s ta te  pro f i les  f o r  
the  re ference ad iabat ic  cont inuous s t i r red  
tank reactor  
t rans ient  and per iod ic  p ro f i les  fo r  t he  
semi  ba tch  opera t ion  o f  the  ad i aba te  s t i r r ed  
tank reactor  
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Figure  28.  Y ie ld  increase by  semi  ba tch  opera t ion  o f  t he  
ad iabat ic  s t i r red  tank reactor  
semi  ba tch  cyc le  parameters ;  =  0 .2 ,  =  0 .75,  
CT =  CTp =  0 .125 Y =  1 .0  
re la t ive  y ie ld ;  Tl  =  1 .1  
t rans ient  and s teady s ta te  p ro f i l e  f o r  t he  
re ference ad iabat ic  cont inuous s t i r r ed  tank  r eac to r  
t rans ient  and per iod ic  p ro f i l e  f o r  t he  ?em iba t ch  
opera t ion  o f  the  ad iabat ic  s t i r r ed  t ank  r eac to r  
F igure  29.  Y ie ld  decrease by  semi  ba tch  opera t ion  o f  t he  
ad iabat ic  s t i r red  tank reactor  
semi  ba tch cyc le  parameters :  =  0 .2 ,  .• :Tg= 0 .75,  
Op =  =  0 .125 ^  =  i .O 
re la t ive  y ie ld ;  T]  <  1 .0  
t rans ient  and s teady s ta te  p ro f i le  for  t he  
re ference ad iabat ic  cont inuous s t i r r ed  t ank  r eac to r  
t rans ient  and per iod ic  p ro f i le  fo r  t he  
semi  ba tch  opera t ion  o f  the  ad i aba t i c  s t i r r ed  
tank reactor  
D I M E N S I O N L E S S  C O N C E N T R A T I O N ,  C ^  D I M E N S I O N L E S S  C O N C E N T R A T I O N ,  C ^ "  
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Figure  30.  Y ie ld  increase by  semibatch opera t ion  o f  the  ad iabat ic  
s t i r red  tank reactor  
semibatch cyc le  parameters :  M^ =  0 ,5 ,  o  =  0 .60,  
CTp =  =  0 .125 
re l -a t ive  y ie ld ;  T|  =  1 .07 
t rans ient  and s teady s ta te  p ro f i l e  fo r  t he  
re ference ad iabat ic  cont inuous s t i r r ed  t ank  r eac to r  
t rans ient  and s teady s ta te  p ro f i l e  f o r  t he  
semibatch opera t ion  o f  the  ad i aba t i c  s t i r r ed  
tank reactor  
F i gu re  31.  Y i e l d  dec rease  by  sem iba t ch  ope ra t i on  o f  t he  ad i aba t i c  
S t  i  r r ed  t ank  r eac to r  
semibatch cyc le  parameters :  V =  0 . 5 .  r0 .75.  
= Oj-  =  0 .  1 25  
re la t ive  y ie ld :  Ti  <  1 .0  
t rans ient  and s teady s ta te  p r o f i l e  f o r  t h e  
re ference ad iabat ic  con t i nuon ' -  s  t  ;  r red  tank r eac to r  
t rans ient  and per iod ic  p ro f i l e  f o r  t he  semi  ba tch  
ope ra t i on  o f  ad i aba t i c  s t i r r ed  t ank  r eac to r  
D I M E N S I O N L E S S  C O N C E N T R A T I O N ,  C ^ ' ^  
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The s lope o f  th is  curve is  the  ad iabat ic  der iva t ive  de f i ned  by  EquaL ion  
25 .  Thus ,  f o r  a  conve rs i on  co r respond ing  t o  a  pos i t i ve  ad i aba t i c  de r i va ­
t i ve  t he  r eac t i on  r a t e  i s  a  max imum i n  t he  ad i aba t i c  CSTR,  and  t he  ad i a ­
ba t i c  CSTR r equ i r es  t he  l eas t  r es i dence  t ime .  Fo r  a  conve rs i on  co r respond ­
i ng  t o  a  nega t i ve  ad i aba t i c  de r i va t i ve  t he  ave rage  r eac t i on  r a t e  i s  a  
max imum,  and  t he  res i dence  t ime  i s  a  m in imum i n  t he  op t ima l  ad i aba t i c  
CSTR and p lug f low reactor  combinat ion  as  de f ined on page 33-  For  i so­
the rma l  s t eady  s t a t e  ope ra t i on  t he  p l ug  f l ow  reac to r  a lways  has  a  h i g l i e r  
ave rage  r eac t i on  r a t e  t han  t he  CSTR and  a lways  r equ i r es  a  sma l l e r  r es i ­
dence t ime to  a t ta in  a spec i f ied  convers ion.  
S ince the  p lug f low reactor ,  in  which the  average r eac t i on  r a t e  i s  a  
max imum,  g i ves  t he  uppe r  bounds  o f  r e l a t i ve  y i e l d  and  r e l a t i ve  t h roughpu t  
f o r  sem i  ba t ch  ope ra t i on  i n  t he  i so the rma l  case ,  i t  i s  r easonab le  t o  assume  
tha t  the  s teady s ta te  reactor  sys tem which max imizes the average react ion  
r a t e  w i l l  p rov i de  t he  uppe r  bounds  f o r  r e l a t i ve  t h roughpu t  f o r  sem i  ba t ch  
ope ra t i on  o f  t he  ad i aba t i c  STR.  Based  on  t h i s  assump  L i  un  t he  r o l l o v / i ng  
two conc lus ions may be reached:  
1)  when the  ad iabat ic  der iva t ive  is  pos i t i ve  a t  t he  conve rs i on  
i n  t he  r e fe rence  ad i aba t i c  CSTR,  t he  r e l a t i ve  y i e l d  and  
r e l a t i ve  t h roughpu t  w i l l  a lways  be  l ess  t han  un i t y .  Th i s  
i s  due  t o  t he  f ac t  t ha t  t he  ave rage  r eac t i on  r a t e  by  se i n i -
ba t ch  ope ra t i on  mus t  be  l ess  t han  t he  r e a c t i o n  r a t e  i n  t he  
re ference ad iabat ic  CSTR.  
2 )  when the  ad iabat ic  der iva t ive  is  nega t i ve  i n  the rc lc rc rxc  
ad i aba t i c  CSTR,  t he re  ex i s t  an  op t ima l  ad i aba t i c  CL IR  end  
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semi  ba tch  opera ted STR combinat ion .  In  th is  opt imal  combina­
t ion  the ad iabat ic  CSTR i s  opera ted a t  the  max imum react ion  
ra te  and i s  fo l lowed in  ser ies  by  the semi  ba tch  opera ted 
ad iabat ic  STR.  As the  batch f rac t ion ,  Og,  approaches un i ty  
and the  min imum vo lume,  Mapproaches zero  fo r  the  semi-
batch cyc le  the  re la t ive  y ie ld  and re la t ive  throughput  
approach the i r  upper  bounds,  wh ich  are  obta ined in  the 
opt imal  ad iabat ic  CSTR and p lug f low reactor  combinat ion .  
The upper  bounds o f  re la t ive  y ie ld  and re la t ive  throughput  obta ined 
by  the  opt imal  ad iabat ic  CSTR and p lug f low reactor  combinat ion  may be 
expressed ana ly t ica l ly .  The express ions are  g iven be low fo r  the case 
where the  ra te  constant ,  K ,  is  a l inear  func t ion  o f  temperature .  
(T l )  
UPPER 
BOUND 
RL exp( 'v ) - l  
RL(exp( \ )+ I )  
2RLP 
(RLP-P- I )  -  [ (RLP+P+1)  -4RLP? 
(Eq.  88)  
where  y  = (RL+l )P ^ 
RL+ l  
and P z  (P)^"  
MAX 
2(RL-1)  
(RL+1) '  
(Y) 




RLX^ +  
RL( l -X^)  
2(RL-1) 
(RL+1)2 
(Eq.  89)  
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where X.  ^  (X. )_*  '  
A A ' r  MAX 2RL 
When the  va lues o f  P and X^ in  Equat ions  88 i i nd  oQ  ù  11 ,  • •  i ;  
respect ive  va lues cor respond ing to  the  max imum r eac t i on  r a l  j ,  l! i .  ^ -  !  
b o u n d s  f o r  b o t h  r e l a t i v e  y i e l d  a n d  r e l a t i v e  t h r o u g h p u t  a r c  o q u a i  '  . . v .  
The opt imal  ad iabat ic  CSTR and p lug f low reac to r  con ib  i .  l a  i  '  • ;  . i l v i  
be  t hough t  o f  as  t he  op t ima l  ad i aba t i c  CSTR and  ba t ch  i - cac i v i '  _  !  '  
Of course, when the continuous reactor is followed by Lh.? bu I '/.!i c 
by  t he  sem i  ba t ch  ope ra ted  STR,  an  ad i aba t i c  accumu ia to /  w . - . s . :  I  '  i i  ;  i i  m ;  
reac t ion  occurs  wou ld  be requ i red between the two ruacLorb .  T ! r :  •.< , i  
ac tor  in  th is  combinat ion  may be thought  o f  as  the  l i in i t im i  im i . l i r :  
semibatch opera ted STR as  the  batch f rac t ion ,  app roac l i o s  un  , i v  i f  
min imum vo lume o f  contents  in  the batch reactor  i s  ( j r oa i i  i  
t he  ba t ch  r eac to r  i s  no t  comp le te l y  emp t i ed  a t  t l i e  end  I ! I I 'cM. 1 I 
the  add i t iona l  parameter  i s  in t roduced in  the a n a l y t i i a l  u  . p i  c  b  '  ( i u \  
for relative yield and relative throughput. The presence nl th,- ix i  i  
vo lume o f  mater ia l  in  the batch reactor  a t  the  end o f  a  cyc le  n j  . l i i i  
e f f e c t  o f  r e d u c i n g  t h e  i n i t i a l  c o n c e n t r a t i o n  a n d  t e m p e r a t u r e  e .  l  U i ^  M j r t  
of the next cycle. The assumption of perfect mixing ri,c|u i  iu;, ;h.. i  r i .-
f r e s h  f e e d  b e  c o m p l e t e l y  m i x e d  w i t h  t h e  m a t e r i a l  a l r e a d y  p  r r ^ ^ v n  t  i n  t  n ,  
reac tor .  The in i t ia l  concent ra t ion  and tempera tu rc  a  i  l l i ' . '  :  i c ;  ;  m. i  
new cycle then become the volumetric average of these i :Sj;. ^ ;  • ,  ,  -
e r t i e s  i n  t h e  f r e s h  f e e d  c h a r g e d  t o  t h e  r e a c t o r  a n d  t h e  e i e -
i  ng in  the  reactor  f rom the prev ious cyc le .  Equations WW and î:/! aie 
obtained in the l imit as approaches zero. For the j i i  
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approaches  the  vo lume o f  the  ba tch  reac to r  the  resu l t ing  express ions  
cor respond to  the  re la t i ve  y ie ld  and re la t i ve  th roughput  o f  two ad iabac ic  
CSTRs i n  ser ies .  The f i r s t  ad iaba t i c  CSTR opera tes  a t  the  convers ion  
cor respond ing  to  the  max imum reac t ion  ra te ,  and the  second ad iaba t i c  
CSTR b r ings  the  convers ion  to  the  des i red  leve l .  
Curves  A ,  B and  C o f  F igure  32  show p lo ts  o f  Equat ion  88  fo r  the  
re la t i ve  y ie ld  in  sys tems w i th  d i f fe ren t  amounts  o f  hea t  sens i t i v i t y  as  
measured  by  the  parameter  RL.  By  compar ing  curves  A ,  B ,  and  C i t  i s  seen 
tha t  the  max imum va lue  o f  the  re la t i ve  y ie ld  decreases  as  the  hea t  sens i ­
t i v i t y  o f  the  reac t ion  sys tem inc reases .  However ,  fo r  h igh ly  heat ,  sens i ­
t i ve  reac t ions  there  i s  a  range o f  va lues  o f  the  re la t i ve  ra te  cons tan t  
fo r  wh ich  the  re la t i ve  y ie ld  in  the  ad iaba t i c  reac to r  i s  g rea te r  L l ian  i n  
the  i so therma l  reac to r .  Fur thermore ,  the  max imum va lue  o f  re la t i ve  y ie ld  
occurs  a t  sma l le r  va lues  o f  the  re la t i ve  ra te  cons tan t  fo r  h igh ly  hea t  
sens i t i ve  reac t ions  than  fo r  reac t ions  o f  lesser  hea t  sens i t i v i t y .  
Curves  k ,  B ,  and  C o f  F igure  33  show p io ts  o f  EquaL ion  83  fu r  l e la -
t i ve  th roughput  i n  sys tems w i th  d i f fe ren t  va lues  o f  the  p roduc t  RL.  By  
compar ing  these  curves  i t  i s  seen tha t  the  re la t i ve  th roughput  decreases  
as  RL inc reases .  
Curves  D and  E i n  F igure  32  show p lo ts  o f  re la t i ve  y ie ld  ob ta ined  by  
a  s ing le  ad iaba t i c  p lug  f low reac to r  and by  a  par t i cu la r  semi  ba tch  opera­
t ion  o f  a  s ing le  ad iaba t i c  STR respec t i ve ly .  Curve  D s  hows Lhr  wu i I  -  known 
fac t  tha t  the  y ie ld  may be  g rea te r  i n  an  ad iaba t i c  CSiR than  in  -m ad ia ­
ba t i c  p lug  f low reac to r  w i th  the  same res idence  t i  lue  and  feed  cond i t ions .  
The po in t  where  the  re la t i ve  y ie ld  i s  equa l  l o  un i  l . y  on  curve  D cc r rc :nonds  
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F igure  32 .  L im i t ing  cases  o f  re la t i ve  y ie ld  by  semiba tc i i  .  rn t i  m 
o f  the  ad iaba t i c  s t i r red  tank  reac to r  
the  ra te  cons tan t ,  K ,  used in  de te rmin ing  l i u "  •. cu  r v i "  i -
a  l i near  func t ion  o f  tempera tu re  
curve  A -  iso therma l  p lug  f low reac to r :  RL 
cu rve  B -  op t ima l  ad iaba t i c  con t inuous  s l i r i '  d  i  i v  rc . i c io r  
and  p lug  f low reac to r  combi  na i  ion  :  - I  ~  7 . ; '  
cu rve  C -  op t ima l  ad iaba t i c  con t inuous  sc i r r . - . i  i . tn :  r , , . c i . ) r  
and  p lug  f low reac to r  comb i  na l i  . , r i  ;  i l i  i . n  
curve  D -  ad iaba t i c  p lug  f low reac to r :  RL = ' r J .n  
curve  E -  semi  ba tch  opera t ion  o f  the  ad  i  d f iuC i  c  - r i i -  • :  
t ank  reac to r :  RL =  40 .0 .  V •  
Figure  33 .  L im i t ing  cases  o f  re la t i ve  th roughput  by  
semi  ba tch  opera t ion  o f  the  ad iaba t i c  s t i r red  
tank  reac to r  
the  ra te  cons tan t ,  K  ,  used in  de te rmin ing  
the  curves  in  th is  f igure  was a  l i near  
func t ion  o f  tempera tu re  
curve  A -  iso therma l  p lug  f low reac to r :  RL =  0 .0  
curve  B -  op t ima l  ad iaba t i c  con t inuous  s t i r red  
tank  reac to r  and  p lug  f low reac to r  
combina t ion ;  RL = 2 .0  
curve  C -  op t ima l  ad iaba t i c  con t inuous  s t i r red  
tank  reac to r  and  p lug  f low reac to r  
c o m b i n a t i o n ;  R L  =  4 0 . 0  
curve  D -  ad iaba t i c  p lug  f low reac to r :  RL =  ^0 .0  
curve  E -  semi  ba tch  opera t ion  o f  the  ad iaba t i c  
s t i r red  tank  reac to r :  RL= 40 .0 ,  
V^ ' "  =  0 .1 ,  cTg =  0 .0 ,  0^  =0^  =  0 .5  
100.0 
]26 
0.11  I  
0 .01  0 .10  l .W 
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127 
to  the  convers ion  fo r  wh ich  the  average reac t ion  ra te  in  the  ad iaba t i c  
p lug  f low reac to r  i s  the  same as  the  reac t ion  ra te  in  the  ad iaba t i c  CSTR.  
The  op t ima l  ad iaba t i c  CSTR and p lug  f low reac to r  combina t ion  may b e  
th o u g h t  o f  a s  s i m u l a t i n g  a  l e v e l  o f  m i x i n g  b e t w e e n  c o m p l e t e  m i x i n g  i n  t h e  
C S T R  a n d  n o  m i x i n g  i n  t h e  p l u g  f l o w  r e a c t o r .  T h u s ,  i t  m a y  b e  c o n c l u d e d  
tha t  an  in te rmed ia te  leve l  o f  m ix ing  w i l l  max imize  the  y ie ld  o f  produc t  
i n  a n  a d i a b a t i c  r e a c t o r  s y s t e m  w i t h  f i x e d  f e e d  c o n d i t i o n s  a n d  a  r e s i d e n c e  
t ime g rea te r  than  tha t  cor respond ing  to  an  ad iaba t i c  der iva t i ve  equa l  to  
z e r o .  S i n c e  s e m i  b a t c h  o p e r a t i o n  o f  t h e  S T R  s i m u l a t e s  a n  i n t e r m e d i a t e  
m i x i n g  l e v e l ,  i t  m a y  b e  e x p e c t e d  t h a t  f o r  s u f f i c i e n t l y  h e a t  s e n s i t i v e  r e ­
a c t i o n s  t h e r e  e x i s t  v a l u e s  o f  t h e  s e m i  b a t c h  c y c l e  p a r a m e t e r s  f o r  w h i c h  
s e m i  b a t c h  o p e r a t i o n  o f  a  s i n g l e  a d i a b a t i c  S T R  w i l l  r e s u l t  i n  a  r e l a t i v e  
y i e l d  b e t w e e n  t h e  r e l a t i v e  y i e l d s  o b t a i n e d  i n  t h e  a d i a b a t i c  p l u g  f l o w  r e ­
a c t o r  a n d  i n  t h e  o p t i m a l  a d i a b a t i c  C S T R  a n d  p l u g  f l o v /  r e a c t u i "  c o m b  i  n a t  i  o n .  
T h a t  i s ,  a  r e a c t i o n  f o r  w h i c h  R L  i s  e q u a l  t o  4 0  m a y  p r o v e  t o  b e  s u f f i ­
c i e n t l y  h e a t  s e n s i t i v e  t o  r e s u l t  i n  a  p l o t  o f  r e l a t i v e  y i e l d  b y  s e i n i b d L c f i  
o p e r a t i o n  v e r s u s  r e l a t i v e  r a t e  c o n s t a n t  t h a t  i s  b e t w e e n  c u r v e s  C  a n d  D  i n  
F i g u r e  3 2 .  F u r t h e r m o r e ,  i t  m a y  b e  e x p e c t e d  t h a t  t h e r e  e x i s t s  a n  o p t i m a ]  
s e m i  b a t c h  c y c l e  a t  e a c h  v a l u e  o f  t h e  r e l a t i v e  r a t e  c o n s t a n t  w h i c h  m a x i ­
m i z e s  t h e  r e l a t i v e  y i e l d  f o r  s e m i  b a t c h  o p e r a t i o n  o f  a  s i n g l e  a d i a b a t i c  
S T R .  O n e  o f  t h e s e  o p t i m a l  s e m i b a t c h  c y c l e s  w i l l  r e s u l t  i n  t h e  m a x i m u m  
r e l a t i v e  y i e l d  o b t a i n a b l e  b y  s e m i  b a t c h  o p e r a t i o n  o f  a  s i n g l e  a d i a b a t i c  S I R  
at  some va lue  o f  the  re la t i ve  ra te  cons tan t .  
Curves  D  end E  i n  F igure  3 3  show p lo ts  o f  re la t i ve  th rouuhpu L  o b ­
t a i n e d  b y  a  s i n g l e  a d i a b a t i c  p l u g  f l o w  r e a c t o r  a n d  b y  s e m i  b a t c h  i x i c t  n i i u i  i  
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of  a  s ing le  ad iaba t i c  STR respec t i ve ly .  As  i n  the  case  fo r  re la t i ve  y ie ld ,  
i t  may be  expec ted  tha t  fo r  su f f i c ien t l y  heat  sens i t i ve  reac t ions  there  
ex is ts  an  op t ima l  semiba tch  cyc le  a t  each  va lue  o f  convers ion  wh ich  max i ­
mizes  the  re la t i ve  th roughput  fo r  semiba tch  opera t ion  o f  a  s ing le  ad ia ­
ba t i c  STR.  A t  low va lues  o f  convers ion  the  op t ima l  semiba tch  opera t ion  o f  
the  s ing le  ad iaba t i c  STR wou ld  cor respond to  the  ad iaba t i c  CSTR and  the  
re la t i ve  th roughput  wou ld  be  equa l  to  un i ty .  A t  h igh  va lues  o f  convers ion  
the  op t ima]  semiba tch  opera t ion  o f  the  s ing le  ad iaba t i c  STR and  the  re la ­
t i ve  th roughput  wou ld  cor respond to  tha t  o f  ad iaba t i c  p lug  f l ow reac to r .  
The resu l ts  shown in  F igures  32  and  33  a re  va l id  in  a  quant i ta t i ve  
sense  on ly  fo r  reac to r  sys tems in  wh ich  the  ra te  cons tan t  may be  approx i ­
mated  as  a  l i near  func t ion  o f  tempera tu re .  The dependency  o f  t he  ra te  
cons tan t  on  tempera tu re  i s  more  accura te ly  g iven  by  t he  Arrhen ius  equat ion ,  
(Equat ion  l i b ) .  F igure  34  shows p lo ts  o f  re la t i ve  y ie l d  ve rsus  the  re la ­
t i v e  r a t e  c o n s t a n t  i n  r e a c t o r  s y s t e m s  f o r  w h i c h  t h e  r a t e  c o n s t a n t  i s  
determined by  the  Ar rhen ius  equat ion .  Curve  A i n  F igure  34  i s  approx i ­
mated  by  curve  B o f  F igure  32 .  For  reac t ions  w i th  a  grea te r  hea t  sens i ­
t i v i t y  t h e  p l o t s  f o r  r e l a t i v e  y i e l d  v e r s u s  r e l a t i v e  r a t e  c o n s t a n t  a n d  
r e l a t i v e  t h r o u g h p u t  v e r s u s  c o n v e r s i o n  o b t a i n e d  w h e n  t h e  r a t e  c o n s t a n t  i s  
g i v e n  b y  t h e  A r r h e n i u s  e q u a t i o n  w i l l  b e  l e s s  a c c u r a t e l y  a p p r o x i m a t e d  b y  
p l o t s  o b t a i n e d  w h e n  t h e  r a t e  c o n s t a n t  i s  g i v e n  a s  a  l i n e a r  f u n c t i o n  o f  
t e m p e r a t u r e .  H o w e v e r ,  i t  i s  e x p e c t e d  t h a t  t h e  s a m e  q u a l i t a t i v e  r e s u l t s  
w i l l  b e  o b t a i n e d .  T h a t  i s ,  h e a t  s e n s i t i v i t y  w i l l  t e n d  t o  d e c r e a s e  t h e  
r e l a t i v e  t h r o u g h p u t  a n d  t h e  m a x i m u m  v a l u e  o f  t h e  r e l a t i v e  v i e l d .  1  h e  
d i s c u s s i o n  o n  t h e  u p p e r  b o u n d s  o f  r e l a t i v e  y i e l d  a n d  r e l a t i v e  t h r o u g h p u t  
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Figure  34 .  L im i t ing  cases  o f  re la t i ve  y ie ld  by  semi  b a t c h  o p e r a t i o n  
of  the  ad iaba t i c  s t i r red  tank  reac to r  
The ra te  cons tan t ,  K  ,  used in  de te rmin ing  t h e s e  c u r v e s  
was a  l i near  func t ion  o f  tempera tu re .  
Curve  A  — opt ima l  ad iaba t l c  con t inuous  s t i r red  t a n k  
r e a c t o r  a n d  p l u g  f l o w  r e a c t o r  c o m b i n a t i o n :  
R =  0 .1 ,  L '  =  20 .0  
Curve  B  — ad iaba t i c  p lug  f low reac to r :  R  =  0 . 1 ,  L '  =  2 0 . 0  
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equat ion  and the  Ar rhen ius  equat ion  fo r  the  ra te  cons tan t  a s  a  l ' unc i  o l  
tempera tu re .  
Cont inuous  Var iab le -Vo lume Opera t ion  
The con t inuous  var iab le -vo lume opera t ion  o f  t h e  S T R  e r n p l o y ; ; .  k  '  .  l i i  
d ischarge  f low ra tes  tha t  a re  con t inuous  per iod ic  f unc t i ons  of  l i . i c .  i ! ; i  
i s  i n  c o n t r a s t  t o  t h e  s e m i  c o n t i n u o u s  o p e r a t i o n  o f  t h e  S T R  d i  s c u .  : , : . j  
p r e v i o u s l y  w h i c h  e m p l o y s  f e e d  a n d  d i s c h a r g e  f l o w  r a t e s  i h o i  a n -  i i -
continuous periodic functions of time. The study of the conti nuc-us / n i 
a b l e  - v o l u m e  o p e r a t i o n  o f  t h e  S T R  w a s  u n d e r t a k e n  t o  s h  w  ' h c t  i  l  ' - -
p o s s i b l e  t o  o b t a i n  a  r e l a t i v e  y i e l d  g r e a t e r  t h a n  u n i t y  b y  u  v a i  i  ^  '  
vo lume opera t ion  wh ich  employs  con t inuous  p e r i o d i c  f e e d  a 1 1 J  d l - . i  i :  
s t reams.  
The con t inuous  var iab le -vo lume cyc le  w h i c h  w a s  D U i J i e J  û  r x l  ' . . i  i  '  
a  r e l a t i v e  y i e l d  g r e a t e r  t h a n  u n i t y  w a s  o b t a i n e d  e m p l o y s  i ' u L c i  c i i  . ~  
c h a r g e  f l o w  r a t e s  t h a t  a r e  s i n u s o i d a l  f u n c t i o n s  o f  t i n i e .  T l i e  k i  n u l i  ^  
scheme i s  tha t  o f  a  f i r s t  o rder  i r revers ib le  r eac t i on  I n  an  I  >o i l te r . -<c : l  
STR.  
Doug las  and  R ippen (16)  s tud ied  the  per iod ic  o p e r a t i o n  o P  ! l u  i  o -
t h e r m a l  S T R  w i t h  s e c o n d  o r d e r  k i n e t i c s  i n  w h i c h  t h e  f e e d  a n d  d i  - J i  n  : '  
s t r e a m s  w e r e  s i n u s o i d a l  f u n c t i o n s  o f  t i m e  w h i c h  w e r e  i n  p h a s e  h : - :  
same ampl i tude  and f requency .  Thus  the  vo lume o f  t h e  STR wa^  cun  i  : i ; i  .  
D o u g l a s  a n d  R i p p e n  f o u n d  t h a t  t h e  a v e r a g e  c o n v e r s i o n  w a s  d a c i  L u  v d  ' v  i  d !  
t y p e  o f  o p e r a t i o n  f o r  a l l  v a l u e s  o f  t h e  a m p l i t u d e  a n d  ,  r c q u c r i c y  i l  . . .  /  
t h e  r e s u l t s  o b t a i n e d  b y  s e m i  b a t c h  o p e r a t i o n  o f  t h e  S T R  l o a d  l o  I  I n  c k i -
e l u s i o n  t h a t  a  r e l a t i v e  y i e l d  g r e a t e r  t h a n  u n i t y  m a y  b e  n b u i i n c d  b y  
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cont inuous  var iab le -vo lume opera t ion  in  wh ich  the  feed  and d i s c h a r g e  f l o w  
r a t e s  a r e  s i n u s o i d a l  f u n c t i o n s  o f  t i m e  w i t h  t h e  s a m e  a m p l i t u d e  p n d  f r e ­
q u e n c y  b u t  o u t  o f  p h a s e .  T h i s  o c c u r s  b e c a u s e  t h e  p r o d u c t  i s  w i t h d r a w n  
f rom the  reac to r  a t  a  low ra te  dur ing  tha t  por t ion  o f  t he  cyc le  when the  
p r o d u c t  c o n c e n t r a t i o n  i s  l o w  a n d  a t  a  h i g h  r a t e  d u r i n g  t h a t  p o r t i o n  o f  
the  cyc le  when the  p roduc t  concent ra t ion  i s  h igh .  
The feed  ra te  and d ischarge  ra te  a re  g iven  in  d i m e n s i o n l e s s  Form as  
s inuso ida l  func t ions  o f  t ime by  
Q, '^  =  Z s  i  n  CO 0  +  1  (Eq .  9 0 )  
Q,  =  Z s in  (œ 0  -  0 )  +  1 ( E q .  9 1 )  
where  Z =  ampl i  tude  
m"  =  Z n f  rad ians  per  res idence  t ime 
f  =  f /  (— )  cyc les  per  res idence  t ime 
MAX 
0  =  phase lag  o f  ou tpu t  f low beh ind  inpu t  f l o w  i n  r a d i a n s .  
The average feed  and d ischarge  f low ra tes  a r e  t h e  s a m e  a s  i n  t h e  
r e f e r e n c e  C S T R .  T h e  a m p l i t u d e ,  Z ,  i s  r e s t r i c t e d  s u c h  t h a t  
0 ^  Z <  1 ,  ( E q .  9 2 )  
s ince  an  ampl i tude  g rea te r  than  un i ty  wou ld  r e s u l t  i n  a  n e g a t i v e  f l ov /  
ra te  dur ing  some por t ion  o f  the  cyc le .  
The vo lume i s  de te rmined as  a  per iod ic  f u n c t i o n  of  t i m e  I w  c v a l  u a !  i  n - i  
the  in tegra l  i n  Equat ion  7-  The resu l t  i s  
V  =  — [ 1 - c o s  Œ )  9  + cos  ( c D  9- 0 )  -cos  0 ]  +  V ( ' ' " O ) ]  ( E q .  9 3 )  
O) 
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The vo lume in  Equat ion  93  i s  res t r i c ted  such  tha t  
0  <  V"  (Eq .  94)  
Wi th  th is  res t r i c t ion  the  vo lume i s  de te rmined as  a  func t ion  o f  t ime and 
f i xed  va lues  o f  the  ampl i tude ,  Z,  the  f requency ,  m ,  and the  phase lag ,  
0 ,  i n  Equat ion  95  be low.  
V"  =  I  -  [  cos  ca 'd  -  cos  -  0 ) -2  cos  ^  2  ^  1  (Eq.  95)  
m"  
where  m"  ^  ^  
and m=  4Z cos  (  ^  )  (Eq .  96) 
The concent ra t ion  p ro f i le  i s  de te rmined as  a  func t ion  o f  t ime by  
in tegra t ion  o f  Epuat ion  8 .  F ina l l y ,  app l i ca t ion  o f  the  de f in i t ion  fo r  
re la t i ve  y ie ld  w i l l  de te rmine  the  re la t i ve  y ie ld  as  a  func t ion  o f  the  
parameters  shown be low 
T1 = T^P,  z, co" ,  0 )  (Eq .  97)  
The sys tem o f  equat ions  was  so lved  us ing  the  ana log  computer .  Some 
o f  the  e f fec ts  o f  the  parameters  i n  Equat ion  97  on  re la t i ve  y ie ld  were  
de te rmined.  These e f fec ts  a re  d iscussed be low.  
As  the  ampl i tude ,  Z ,  approaches  zero ,  the  s inuso ida l  opera t ion  o f  
the  STR approaches  the  opera t ion  o f  the  s teady  s ta te  CSTR,  and  thus ,  the  
re la t i ve  y ie ld  i s  equa l  to  un i ty  when the  ampl i tude  i s  equa l  to  zero .  I t  
has  no t  been p roven,  bu t  i t  i s  reasonab le  to  assume tha t  the  re la t i ve  
y ie ld  i s  a  monoton ie  func t ion  o f  the  ampl i tude .  Th is  means  tha t  i f  the  
re la t i ve  y ie ld  i s  g rea te r  than  un i ty  fo r  some par t i cu la r  va lues  o f  the  
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parameters  P ,  Z ,  m ,  and 0 ,  then  the  max imum re la t i ve  y ie ld  i s  o b t a i n e d  
when the  ampl i tude  i s  equa l  to  un i ty  fo r  the  same va lues  o f  the  parameters  
P ;  m ' \  a n d  0 .  T h e  m i n i m u m  v o l u m e  d u r i n g  s i n u s o i d a l  o p e r a t i o n  o f  L l m  S T R  
i s  an  inverse  func t ion  o f  the  ampl i tude .  Thus  the  min imum vo lume  c i i i i  i nn  
s i n u s o i d a l  o p e r a t i o n  o f  t h e  S T R  h a s  a n  e f f e c t  o n  r e l a t i v e  y i e l d  s i n i l a r  t o  
the  e f fec t  o f  min imum vo lume on  re la t i ve  y ie ld  fo r  the  case  o f  semi  bo tch  
o p e r a t i o n  o f  t h e  S T R .  S i n c e  i t  w a s  e x p e c t e d  t h a t  a n  a n i p l i t L i d c  c r i u u I  t o  
un i ty  wou ld  g ive  the  max imum va lue  o f  re la t i ve  y ie ld  g rea te r  Li ia i i  un i  Ly ,  
the  va lue  o f  ampl i tude  was f i xed  a t  un i ty  fo r  th is  s tudy .  
F igure  35  shows tha t  the  re la t i ve  y ie ld  goes  t h r o u g h  a  i r i a x i c u i i M  i / i  t h  
r e s p e c t  t o  b o t h  t h e  r e l a t i v e  r a t e  c o n s t a n t  a n d  t h e  f r e q u e n c y  f o r  l I i o  f i x e d  
va lues  o f  ampl i tude  and phase lag  g iven  in  the  f igure .  
F igure  36 shows the  re la t i ve  y ie ld  as  a  f u n c t i o n  o f  t h e  phase l a g  fo r  
s p e c i f i e d  f i x e d  v a l u e s  o f  t h e  a m p l i t u d e ,  f r e q u e n c y ,  a n d  r e l a t i v e  r a t e  c o n ­
s t a n t .  T h e  m a x i m u m  r e l a t i v e  y i e l d  i n  F i g u r e  3 6  i s  e q u a l  t o  1 . 0 1 8  a n d  
o c c u r s  a t  a  p h a s e  l a g  o f  r a d i a n s =  F o r  d i f f e r e n t  v a l u e s  o f  t h e  f i x e d  
parameters ,  the  max imum re la t i ve  y ie ld  wou ld  be  e x p e c t e d  t o  o c c u r  a t  a  
d i f f e r e n t  p h a s e  l a g .  i n  F i g u r e  3 6  i t  i s  s e e n  t h a t  t h e  r e l a t i v e  y i e l d  i b  
l e s s  t h a n  u n i t y  w h e n  t h e  f e e d  a n d  d i s c h a r g e  f l o w  r a t e s  a r e  i n  p h a > e  a n d  
t h e  r e a c t o r  v o l u m e  i s  c o n s t a n t  a t  i t s  m a x i m u m  v a l u e .  T h i s  r e s u l t  a g r e e s  
wi th  the  resu l t  ob ta ined  by  Doug las  and  Rippen  ( |6 ) .  
I t  wou ld  bo  an  in te res t ing  prob lem to  d e t e r m i n e  t h e  r . n i x i  v . , !  u e  u f  
the  re la t i ve  y ie ld  in  the  four  d imens iona l  space  spanned  by  11 i i  ar , . i : ,e te rs  
P ,  Z ,  C O  ,  a n d  0 .  H o w e v e r ,  i t  i s  d o u b t f u l  f o r  t h i s  c a s e  t h < i t  •  r - l . - t i v e  
y ie ld  g rea te r  than  about  1 .03  cou ld  be  ob ta ined .  Th is  conc  I  us  i  en  i  -,  
Figure  35 .  E f fec t  o f  the  re la t i ve  ra te  cons tan t  and  f requency  
on  re la t i ve  y ie ld  fo r  s inuso ida l  opera t ion  o f  the  
con t inuous  s t i r red  tank  reac to r  
F igure  36 .  E f fec t  o f  the  phase lag  o f  the  d ischarge  s t r e a m  
beh ind  the  feed  s t ream fo r  s inuso ida l  opera t ion  
o f  the  con t inuous  s t i r red  tank  reac to r  
R E L A T I V E  Y I E L D .  
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reached by  observ ing  tha t  the  va lues  o f  re la t i ve  y ie ld  near  the  max imum 
in  F igures  35  and 36  a re  a f fec ted  to  a  smal l  degree  by  changes  i n  the  
parameters .  These resu l ts  demonst ra te  tha t  the  average y ie ld  re la t i ve  to  
the  s teady  s ta te  y ie ld  may be  inc reased by  a  con t inuous  var iab le -vo lume 
opera t ion  o f  the  SIR in  wh ich  the  feed  and d ischarge  f low ra tes  a re  con­
t inuous  per iod ic  func t ions  o f  t ime.  
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CONCLUSIONS 
Genera l  
1 )  Semi  ba tch  opera t ion  o f  the  STR combines  the  mix ing  charac te r i s t i cs  o f  
the  CSTR and  the  p lug  f low reac to r  and  thus  s imu la tes  a  leve l  o f  
m ix ing  be tween these  two l im i ts .  
2 )  The average res idence  t ime o f  mater ia l  leav ing  the  STR dur ing  var iab le -
vo lume opera t ion  i s  a  per iod ic  func t ion  o f  rea l  t ime as  the  rea l  t ime 
becomes la rge .  
3 )  The  f low average res idence  t ime o f  mater ia l  leav ing  the  STR dur ing  
one var iab le -vo lume cyc le  i s  less  than  the  average res idence  t ime o f  
mater ia l  leav ing  the  CSTR where  bo th  reac to rs  have  the  same max imum 
vo lume and average th roughput .  
I so therma l  
F i rs t  o rder  reac t ions  
1)  A re la t i ve  y ie ld  and re la t i ve  th roughput  g rea te r  than  un i ty  may be  
ob ta ined  by  var iab le -vo lume opera t ion  o f  the  STR.  
2 )  The  upper  bounds  o f  re la t i ve  y ie ld  and re la t i ve  th roughput  by  var iab le -
vo lume opera t ion  a re  ob ta ined  by  the  p lug  f low reac to r ,  o r  equ iva­
len t !  y ,  the  ba tch  reac to r .  
3 )  Larger  va lues  o f  re la t i ve  y ie ld  and re la t i ve  th roughput  a re  ob ta inab le  
by  semi  ba tch  opera t ion  o f  the  STR than  by  semi  con t inuous  opera t ion  o f  
the  STR.  The p resence o f  feed  and d ischarge  f low ra tes  ih roughouL 
the  semi  con t inuous  cyc le  has  the  e f fec t  o f  reduc ing  the  re la t i ve  
y ie ld  and re la t i ve  th roughput .  
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k)  The op t ima l  semi  con t inuous  opera t ion  wh ich  max imizes  re la t i ve  y ie ld  
and re la t i ve  th roughput  i s  ob ta ined  by  the  semi  ba tch  cyc le  w i th  the  
min imum vo lume se t  equa l  to  zero ,  the  f i l l i ng  f rac t ion  se t  equa l  to  
the  empty ing  f rac t ion ,  and the  ba tch  f rac t ion  se t  as  la rge  as  poss ib le .  
The upper  bounds  o f  re la t i ve  y ie ld  and re la t i ve  th roughput  a re  then  
ob ta ined  by  the  ba tch  reac to r  w i th  ins tan taneous  f i l l i ng  and 
empty i  ng .  
5 )  A  re la t i ve  y ie ld  and re la t i ve  th roughput  g rea te r  than  un i ty  cannot  be  
ob ta ined  by  a  var iab le -vo lume opera t ion  in  wh ich  e i ther  the  feed  f low 
ra te  o r  the  d ischarge  f low ra te  has  a  cons tan t  va lue .  
6 )  The re la t i ve  y ie ld  fo r  var iab le -vo lume opera t ion  o f  the  STR goes  
th rough a  max imum a t  a  f i xed  va lue  o f  the  re la t i ve  ra te  cons tan t .  
7 )  The re la t i ve  th roughput  fo r  var iab le -vo lume opera t ion  o f  the  STR 
approaches  i n f in i t y  as  the  f low average convers ion  o f  reac tan t  
approaches  un i ty .  
8 )  A  var iab le -vo lume opera t ion  in  wh ich  the  feed  and d ischarge  f low ra tes  
a re  con t inuous  func t ions  o f  t ime may resu l t  i n  a  re la t i ve  y ie ld  and 
re la t i ve  th roughput  g rea te r  than  un i ty .  To  ach ieve  th is  in  the  case  
o f  s inuso ida l  var iab le -vo lume opera t ion  where  the  feed  and d ischarge  
f low ra te  have the  same ampl i tude  and f requency ,  i t  i s  necessary  tha t  
the  feed  f low ra te  and d ischarge  f low ra te  be  ou t  o f  phase.  
9 )  The  fo rm o f  the  ana ly t i ca l  so lu t ions  fo r  re la t i ve  y ie ld  and re la t i ve  
th roughput  by  semi  ba tch  opera t ion  o f  the  STR a re  the  same fo r  bo th  
the  revers ib le  and i r revers ib le  f i r s t  o rder  reac t ion  schemes.  
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Sing le  reac t ions  w i  th  a rb i  t ra ry  pos  i t i ve  order  
1 )  A re la t i ve  y ie ld  and re la t i ve  th roughput  g rea te r  than  un i ty  may be  
ob ta ined  fo r  any  reac t ion  o f  o rder  g rea te r  than  zero .  
2 )  The max imum va lues  o f  re la t i ve  y ie ld  and re la t i ve  th roughput  fo r  
var iab le -vo lume opera t ion  o f  the  STR inc rease  w i th  inc reas ing  reac t ion  
o rder .  
3 )  The var iab le -vo lume cyc le  parameters  a f fec t  the  re la t i ve  y ie ld  and 
re la t i ve  th roughput  i n  the  same d i rec t ion  fo r  a l l  s ing le  reac t ions  o f  
pos  i t i ve  order .  
Van De Vusse  reac t ions  
1)  The y ie ld  o f  des i red  in te rmed ia te  i s  dependent  on  the  va lues  o f  the  
d imens ion less  reac t ion  parameters ,  C^^ /K j  and  K^ /Kp There  ex is t  
va lues  o f  these  d imens ion less  reac t ion  parameters  fo r  wh ich  the  max i ­
mum y ie ld  i s  ob ta ined  respec t i ve ly  i n  the  p lug  f low reac to r ,  the  
semi  ba tch  opera ted  STR,  and  the  CSTR.  
Ad i  aba t i  c  
The fo l low ing  conc lus ions  app ly  fo r  the  case  o f  the  s ing le  f i r s t  
o rder  i r revers ib le  and exo thermic  reac t ion .  
1 )  Thermal  sens i t i v i t y  o f  the  reac t ion  ra te  cons tan t  has  the  e f fec t  o f  
decreas ing  the  re la t i ve  y ie ld  and re la t i ve  th roughput  ob ta inab le  by  
var iab le -vo lume opera t ion  o f  the  STR.  
A .  As  therma l  sens i t i v i t y  inc reases ,  the  max imum va lue  o f  
re la t i ve  y ie ld  ob ta inab le  by  semi  ba tch  opera t ion  o f  the  STR 
decreases .  
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B.  As therma l  sens i t i v i t y  inc reases ,  the  max imum va lue  o f  
re la t i ve  y ie ld  occurs  a t  sma l le r  va lues  o f  the  re la t i ve  
ra te  cons tan t .  
C .  As  therma l  sens i t i v i t y  inc reases ,  the  max imum va lue  o f  
re la t i ve  th roughput  a t  any  leve l  o f  f low average convers ion  
decreases .  
2 )  The  upper  bounds  o f  re la t i ve  y ie ld  and re la t i ve  th roughput  a re  a t ta ined  
by  the  op t ima l  ad iaba t i c  CSTR and  p lug  f low reac to r  combina t ion .  
3 )  There  ex is ts  a  range o f  va lues  fo r  the  re la t i ve  ra te  cons tan t  fo r  
wh ich  va lues  o f  re la t i ve  y ie ld  and re la t i ve  th roughput  ob ta ined  by  
semiba tch  opera t ion  o f  the  SIR w i l l  be  bo th  g rea te r  than  un i ty  and 
g rea te r  than  the  re la t i ve  y ie ld  and re la t i ve  th roughput  ob ta ined  in  
the  p lug  f low reac to r .  
4 )  I f  the  tempera tu re  dependency  o f  the  reac t ion  ra te  cons tan t  i s  a  
l i near  func t ion  o f  tempera tu re ,  then  the  convers ion  o f  reac tan t  i n  
the  ad iaba t i c  sys tem i s  a  func t ion  o f  the  p roduc t  o f  the  l i ea l  of  re ­
ac t ion  and the  l i near  p ropor t iona l i t y  cons tan t  wh ich  re la tes  the  
reac t ion  ra te  cons tan t  and  tempera tu re .  I f  the  ra te  cons tan t  i s  
g iven  as  a  func t ion  o f  tempera tu re  by  the  Ar rhen ius  equat ion ,  then  
the  convers ion  o f  reac tan t  i n  the  ad iaba t i c  sys tem i s  a  func t ion  o f  
the  ind iv idua l  va lues  o f  the  heat  o f  reac t ion  and the  ac t i va t ion  
energy  in  the  Ar rhen ius  equat ion .  
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RECOMMENDATIONS 
An ana ly t i ca l  scheme shou ld  be  deve loped wh ich  w i l l  de te rmine  the  
àemiba tch  cyc le  parameters  and  the  convers ion  o f  reac tan t  wh ich  w i l l  
max imize  the  y ie ld  o f  in te rmed ia te  fo r  the  Van De Vusse  reac t ion  
scheme.  The theory  deve loped by  Horn  and L in  (21) ,  wh ich  makes  use  
o f  m e t h o d s  o f  v a r i a t i o n a l  c a l c u l u s  t o  o p t i m i z e  a  p e r i o d i c  p r o c e s s ,  m a y  
be app l ied  to  th is  p rob lem.  
An ana ly t i ca l  scheme shou ld  be  deve loped wh ich  w i l l  de te rmine  the  
semi  ba tch  cyc le  parameters  and  the  convers ion  o f  reac tan t  wh ich  w i l l  
max imize  the  y ie ld  o f  p roduc t  f rom a  s ing le  f i r s t  order  exo thermic  
reac t ion  in  the  ad iaba t i c  s t i r red  tank  reac to r .  The theory  deve loped 
by  Horn  and L in  (21)  may a lso  be  app l ied  to  th is  p rob lem.  
The ad iaba t i c  case  o f  semi  ba tch  opera t ion  o f  the  s t i r red  tank  reac to r  
shou ld  be  inves t iga ted  more  fu l l y  us ing  a  reac t ion  ra te  cons tan t  
wh ich  i s  6 "  Ar rhcn ius  func t ion  o f  tempera tu re ,  
The ad iaba t i c  case  o f  semi  ba tch  opera t ion  o f  the  s t i r red  tank  reac to r  
shou ld  be  s tud ied  fo r  the  case  o f  s ing le  revers ib le  reac t ions  o f  
d i f fe ren t  pos i t i ve  orders .  
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